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Abstract 
  Long term storage of bauxite residue materials requires a capping stratum which 
will limit erosion while stabilizing slopes, limit deep infiltration of water into storage 
piles, and be aesthetically acceptable to the surrounding community.  A diverse native 
vegetative community capable of surviving seasonal drought, low plant available water 
and nutrient constraints has the best potential of satisfying most, if not all of these 
requirements.  Current and past rehabilitation of residue disposal areas (RDAs) using 
species native to southwest Western Australia has exhibited varying success.  Current 
practices at Alcoa World Alumina Australia’s (Alcoa) Western Australia refineries have 
bauxite residue fines (< 150 µm) stored within impoundments, in which the outer 
embankments are constructed with bauxite residue sands (> 150 µm).  The residue 
sands are also used as the growth media in the capping stratum for vegetation 
establishment on the disposal sites.  Despite the inherently hostile properties of residue 
sand (pH > 10, EC(1:5) > 4 dS m
-1, and ESP > 50), reductions in alkalinity (pH), salinity 
(EC) and sodicity (ESP) are corrected, through freshwater leaching, to a greater extent 
than is possible with residue fines.  Although leaching can reduce the hostile character 
of residue sand, additions of phosphogypsum are typically added to expedite the 
removal of Na and alkalinity, and inorganic fertilizers are incorporated to improve the 
nutrient status of the growth media.  However, due to the inconsistencies in vegetation 
establishment, which are attributed to poor water retention, inherent nutrient 
deficiencies and rapid loss of nutrients within residue sands (because of high hydraulic 
conductivity), further amendments are required. 
  The aim of this study was to determine if amending the residue sand capping 
layer with residue fines would enhance its overall growth potential for vegetation 
establishment.  Additions of fines to residue sands were predicted to increase water 
retention, add nutrients and increase the ability of the growth media to retain nutrients.    ii 
  Comparisons were made between the treated residue fines (seawater washed, 
carbonated, or unaltered) at a series of fines additions (1 - 20 % w/w) and a control 
(residue sand) amended with 2 % (w/w) phosphogypsum and inorganic fertilizer.  
Comparisons were to determine the differences in 1) water retention, 2) nutrient 
concentrations and nutrient retention, and 3) plant growth responses and plant biomass 
nutrient concentrations between the growth media treatments.  Four experiments were 
set up to measure differences in these variables which included: a glasshouse study 
involving the growth of Acacia saligna; a germination and emergence study (A. 
saligna); a two year field study in Western Australia; and a glasshouse column leaching 
study. 
  Water retention increased with increasing percentage of residue fines addition.  
Plant available water (PAW) increased up to 110 %, with a 20 % increase in fines, 
representing an increase of 0.026 m
3 PAW m
-3 residue growth media, when compared 
to the residue sand only.  This increase in PAW was attributed to changes in pore space 
distributions, due to the increasing fines contents altering the sandy texture to loamy 
sand texture class.  However, initially much of this increase in PAW may not be 
realized, due to estimated temporary increases in osmotic potential associated with the 
high salt contents of residue sand and fines.  Fines materials have much greater salt 
contents, and thus need to be leached to a greater extent than sands to remove the 
associated osmotic potential effects. 
  Essential plant nutrients (P, K, S, Ca, Mg, and B) were increased with additions 
of residue fines in the glasshouse studies, although many nutrients (Mg, Zn, Mn and B) 
were still marginal for sustainable plant growth and development.  Seawater treated 
residue fines additions produced the greatest increases in growth media nutrients with 
substantial increases in soluble (> 7 mg L
-1) and exchangeable (> 0.10 cmolc kg
-1) Mg, 
being up to 400 % greater than all other treatments.  Along with these necessary   iii 
nutrients, concentrations of Na were also increased in all fines additions treatments.  
Added Na may offset the benefits of fines additions, at least in the short term, due to 
inhibitions of cation uptake from Na competition.  However, in the column leaching 
study soluble and exchangeable Na was lost rapidly from the profile, due to Ca and K 
displacement of Na from exchange sites during leaching.  Soluble Na was removed 
from the profile to < 5 % of initial concentrations, after only three pore volumes of 
leaching, and exchangeable Na was removed from charge sites to less than 25 % of the 
initial concentration.  Fines additions did increase concentrations of Mg and K on 
exchange sites, thus reflecting increased nutrient retention capacity relative to that in 
residue sand only.   
  Plant growth responses and plant biomass nutrient concentrations were altered 
with the additions of residue fines to residue sands.  The germination and emergence 
study demonstrated that the emergence of native seedlings was affected by additions of 
fines, due to the increased salinity and sodicity of the materials.  Acacia saligna 
seedling emergence was inhibited by EC(1:5) > 2 dS m
-1, which was highly correlated 
with a Na/Ca ratio of > 40, for all treatments, except the seawater fines additions.  Seeds 
sown in seawater treatments emerged from growth media with EC(1:5) as high as 3.33 dS 
m
-1 and appeared to be better correlated with Ca/Mg ratios than any other variable.  
Native vegetation growth responses showed mixed results in fines treated residues in 
the field.  In the greenhouse study, plant growth tended to decrease with fines additions.  
Poor plant growth with increasing fines additions occurred despite the increased water 
retention and increased nutrients.  This was attributed to the addition of Na associated 
with the residue fines, as increases in Na, EC and ESP in fines treatments all appear to 
have limited growth of Acacia saligna in the glasshouse over three months.  Seawater 
fines additions had elevated Mg and B concentrations in plant biomass, and performed 
better than the carbonated or unaltered fines treatments, but still had reduced growth   iv 
compared to the residue sand, which contained lower Na concentrations.  Additional 
plant growth limitations may have occurred, due to possible plant nutrient deficiencies 
including: Mg, Zn, Mn and B and Na toxicity.  
  Incorporation of residue fines into residue sands did increase water retention, 
nutrient concentrations and the nutrient retention capacity, but did not enhance the 
overall growth potential for vegetation, at least in the short term.  Reductions in 
germination and emergence of seedlings and reduced plant growth were attributed to 
increases in Na concentrations introduced from the fines.  Seawater washed residue 
fines had lower ESP and greater concentrations of nutrients, thus reducing the negative 
impacts from the additional Na introduced, and showed the greatest promise as a fines 
amendment.  As leaching occurs over the first few initial months of rehabilitation, it is 
expected that the majority of the Na will be removed, from a system with an addition of 
5 to 10 % fines, and the positive benefits of the fines additions will than be realized.  
Findings also illustrate that delaying the planting of vegetation on RDAs, until adequate 
leaching has occurred to reduce the Na concentrations, will substantially increase 
vegetation emergence and establishment. 
   v 
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Chapter 1  Introduction 
  As one of the world’s largest alumina producers, Alcoa World Alumina 
Australia (Alcoa), processed 31 million tonnes (Mt) of bauxite resulting in 8.48 Mt of 
alumina production, in 2006, which is approximately 13 % of world demand (Alcoa 
2007).  From this alumina, Alcoa’s smelter facilities produced 530,368 tonnes (t) of 
aluminum representing 30 % of the aluminum and 47 % of the alumina produced in 
Australia.  In southwest Western Australia, Alcoa has three alumina refineries 
(Kwinana, Pinjarra and Wagerup) supplied by the Willowdale mine and the world’s 
biggest bauxite mine - Huntley in the nearby Darling Range.  Alcoa’s refineries have a 
combined capacity to produce 7.3 Mt of alumina (Kwinana - 1.9 Mt, Pinjarra - 3.2 Mt, 
Wagerup - 2.2 Mt); this constitutes 5 % of Western Australia’s exports (Alcoa 2007).  
During 2007, Alcoa’s bauxite processing in Australia produced an estimated 22 Mt of 
residue sand and residue fines, which requires long term storage in impoundments.   
  Bauxite is processed to produce alumina by means of the Bayer refining process 
which involves digestion of bauxite ore with hot caustic soda.  This process has four 
main steps: 1) digestion with heated caustic soda; 2) clarification of liquor through 
settling and filtration; 3) precipitation of gibbsite from liquor; and 4) calcination of the 
precipitate to remove the water of hydration (Hind et al. 1999).  For every tonne of 
bauxite mined, approximately 0.72 t of residue materials are produced.  The resulting 
residue materials are sodic, alkaline and saline.  Residues are pumped to a residue 
disposal area (RDA) where the sand and fines fractions are mechanically separated.  
Due to the composition of the bauxite in Western Australia and the mechanical 
separation methods, the residue material produced consists of particles roughly 50 % 
diameter > 150 µm and 50 % diameter < 150 µm.  In the bauxite industry these size 
fractions are commonly referred to as bauxite sands (> 150 µm) and bauxite fines (<  
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150 µm) and in this thesis this terminology will also refer to these size fractions.  Sands 
are used as the base, to aid recapture of liquors, section embankments for development 
of “red mud lakes” and capping layers of the residue disposal storage area.  Fines, 
sometimes referred to as red mud, are pumped into the section embankments and are 
allowed to dewater through evaporation.  As the fines dry, subsequent stacking occurs 
until the disposal areas reach engineering restraints due to limits of shear strength (~ 50 
m per section).  Dozens of sections will make up a residue disposal area, all being self 
contained within the overall unit, complete with recapture plumbing for liquor escaping 
through downward vertical flow from the fines.  Residue areas are large (> 1000 ha) 
disposal areas which tend to be located in close proximity to the refineries to reduce 
transportation costs.   
  Final closure of these RDAs will require a capping layer which restricts erosion, 
limits water inputs and is conducive to final land use of these sites.  Many options have 
been proposed including: concrete covers, impermeable clay layers, biological and 
semi-biological systems to mention a few.  One attractive option for RDA final closure 
is to have the residue disposal units capped with a two or three metre thick layer of sand 
to be developed as a semi-biological capping layer.  In Western Australia, 4000 ha of 
biological capping layers on bauxite RDAs will need to be rehabilitated with sustainable 
diverse native vegetative communities that are capable of soil stabilization, maintaining 
site water balance, and also be aesthetically acceptable.  Successful long term 
development of the biological capping layer to support this vegetation has many issues 
confronting it.  The growth media comprising the capping layer must be capable of 
supporting a long term sustainable vegetative community which limits erosion, limits 
water inputs into the RDA and is conducive to the end land use plan of the site and 
acceptable to all stakeholders involved.    
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1.1  Need for study 
  In order to develop and maintain a sustainable vegetative community, the 
capping layer of the RDA needs to have adequate plant available water, a stock of 
nutrients for nutrient cycling and be able to retain these nutrients while also overcoming 
the restrictions of plant nutrient availability due to high pH, sodicity and salinity issues 
inherent in the residue materials.  Currently, rehabilitation of RDAs relies on 
establishing a vegetative community on a two metre thick layer consisting of residue 
sands ameliorated with phosphogypsum and high rates of inorganic fertilizers.  
Sustainability of the vegetative community depends on establishing physical, chemical 
and biological fertility in this layer (Jasper et al. 2000).  Although much effort has gone 
into the rehabilitation of these residue sands in past decades, rehabilitation has failed to 
produce a consistent durable native vegetative community which is acceptable to Alcoa 
and other stakeholders.  Three main issues confronting successful vegetation of residue 
sites are: 1) a lack of water retention within the sands; 2) deficiencies of nutrient in the 
growth media and a lack of nutrient retention capacity; and 3) unavailability of plant 
nutrients for uptake by vegetation. 
  Due to the inconsistent outcomes from current rehabilitation practices, which 
use only residue sands as the plant substrate, other growth media alterations should be 
considered to overcome the short falls of the sands.  One such possibility is the addition 
of fines to the sands to alter the texture to enhance water and nutrient retention.  
Additionally, these fines may also increase the supply of nutrients to the growth media 
and alter the availability of these nutrients for uptake by the vegetative community.  
  In a Mediterranean climatic zone such as southwest Western Australia, the low 
water holding capacity of bauxite residue sands is a major constraint to establishing and 
supporting a sustainable vegetative community.  It has been stated in a review of 
revegetation strategies for bauxite residue that “the amount of available water in the soil  
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capping layer is the most important determinant of vegetation in a seasonally dry 
climate” (Wehr et al. 2006).  While the study of Wehr et al. (2006) focused on a 
different region of Australia, the statement is also likely to be true for the Mediterranean 
climate region of Western Australia which has a seasonally dry climate.  Any 
improvement in plant available water, such as that expected from an increase in silt and 
clay content, will greatly benefit plant growth.  One study has determined water 
retention properties of bauxite residues in the laboratory (Buchanan 2006), but no 
research has been published on the impact of field scale fines amendments of residue 
sand on water retention.  Being able to quantify and manipulate the amount of plant 
available water in the capping layer is necessary for developing a vegetation plan which 
will ensure a successful vegetation community over the long term.  Understanding the 
water retention properties of the capping layer is also important for the future 
development of a water balance which is required to limit the amount of freshwater 
entering the storage piles. 
  Nutrient deficiencies of the growth media are another major shortcoming of 
rehabilitation using only residue sands.  Many studies have addressed nutrient 
deficiencies and nutrient contents in residue sands, but few have addressed retention 
ability of sands or mixtures of sand and fines (Eastham and Morald 2006; Eastham et al. 
2006).  Understanding the nutrient concentrations in residue rehabilitation materials is 
essential for vegetative establishment, but understanding the retention of nutrients and 
changes in nutrient concentrations over time will determine the success of long-standing 
communities.  A number of studies have focused on the use of organic and inorganic 
fertilizers, but the fate of nutrients from leaching is still unknown (Bell et al. 1997; 
Eastham et al. 2006).  Vegetation management plans are reliant on being able to supply 
the required nutrient base to begin the development of the growth media into a soil and 
establish a long term plant community.  
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  Availability of nutrients in the residue materials is complicated by high pH, 
sodicity, and alkalinity inherent in the bauxite residue and poses a series of problems for 
plant uptake of nutrients.  Although researchers have documented nutrient deficiencies 
in vegetation grown on bauxite residues (Fuller et al. 1982; Courtney et al. 2003; Bell et 
al. 2008) the reasons for many of these deficiencies are not fully understood nor 
correlated to growth media parameters.  Understanding the limitations of plant nutrient 
uptake posed by the residue material conditions will assist in developing the necessary 
fertilizer requirements, amendment additions and influence the plant species selected 
for use in vegetation of bauxite residues. 
1.2  Aims of study 
  The overarching research question posed for the present study was: Is it possible 
to improve the chemical and physical characteristics of the residue sand by 
incorporating residue fines to improve long term vegetation success?  Three main 
research criteria were selected to determine if the growth media was improved by 
additions of residue fines: 
1)  Changes in water retention characteristics and ultimately the amount of plant 
available water in the growth media. 
2)  Nutrients concentrations in the growth media and the capacity of the capping 
layer growth media to retain nutrients after phosphogypsum and inorganic 
fertilizer additions. 
3)  Responses by the vegetative community in terms of growth, survival and plant 
biomass nutrient concentrations. 
These criteria or research questions were applied to three differently treated residue 
fines (unaltered, carbonated and seawater washed) to determine possible alterations due 
to pretreating fines.  During the course of this thesis, these questions will be answered 
as follows:    
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  Chapter 1 will give a background and general overview of the literature of past 
work that is relevant to research conducted in this thesis.  Further, each succeeding 
chapter will contain a review of the literature pertaining to the research question 
addressed within it. 
  Chapter 2 will discuss the materials and methods used for all experiments, as 
each chapter will draw from results of the four experiments to answer specific research 
questions.  These four experiments were designed to address the research questions:  
1)  a glasshouse experiment to determine optimal rates of fines additions in 
relation to physical properties, chemical and nutrient concentrations, and 
plant responses and biomass nutrient contents in Acacia saligna;  
2)  field study to test fines additions for differences in water retention, initial 
nutrient concentrations, nutrient retention of cations, plant survival of 17 
native species and plant biomass nutrient concentrations of three native 
species;  
3)  a germination and emergence study of Acacia saligna in residue fines 
treatments and fresh residue sands to quantify the effects of salt and growth 
media solution cations on the initial establishment;  
4)  and a column leaching experiment to assess concentrations, movement and 
loss of soluble and exchangeable cations in residue sands with fines 
treatments.  
  Chapter 3 addresses research question 1, Does adding residue fines to residue 
sands alter water retention characteristics and increase plant available water?  
Laboratory, glasshouse and field measurements were used to assess the differences in 
water retention among residue sand and fines addition treatments.   
  Chapters 4 and 5 explore research question 2, Does adding fines increase initial 
nutrient concentrations in the growth media and does the incorporation of fines enhance  
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nutrient retention?  In chapter 4, glasshouse and field measurements were used to 
evaluate growth media nutrient concentrations and the movement and concentration of 
cations in the field over time.  In Chapter 5, a column leaching experiment was 
conducted to examine the concentration, movement and retention of cations (Ca, Mg, K 
and Na) in bauxite fines treatments.    
  Chapter 6 investigates research question 3, Does adding fines improve plant 
growth response and plant biomass nutrient content?  Nutrient concentrations in Acacia 
saligna were examined in a glasshouse study and two years of data from the field sites 
was investigated to test for differences in nutrient concentrations of the native species 
Eremophila glabra, Scaevola crassifolia and Eucalyptus gomphocephala.   
  Chapter 7 summarizes the results and discussions from chapters 3, 4, 5 and 6 to 
answer the three main research questions based on the collective data.  Implications of 
the research are discussed and suggestions on future possible research avenues are 
proposed for addressing issues of vegetation establishment on embankments and 
capping layers of RDAs. 
1.3  Literature review and background 
  In Western Australia, sand is a significant proportion of the residue (~ 50 %) 
produced from bauxite ore processing, and has historically been used as the growth 
media for vegetation establishment on residue disposal areas.  This occurs because fresh 
residue materials are caustic from the processing of the ore and these materials require 
freshwater leaching.  Because residue sands leach more readily than residue fines, 
vegetation has proven more successful on the sands.  But, the long term sustainability of 
native vegetative communities grown in residue sand alone is in question.  
  Successful rehabilitation of residue sand embankments and the capping layer 
poses many challenges due to the inherently high pH (10 - 12), alkalinity, sodicity (ESP 
> 15), salinity (EC(1:5) > 4 dS m
-1) and the low water holding capacity (< 20 %)  
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associated with freshly deposited residue sands.  In addition to adverse conditions that 
exist prior to leaching, the sands are also low or deficient in many necessary plant 
nutrients including N, P, K, Ca, Mg, Mn, Cu and Zn (Meecham and Bell 1977a; Fuller 
and Richardson 1986; Bell et al. 1997; Gherardi and Rengel 2001; Gherardi and Rengel 
2003a; Eastham and Morald 2006; Eastham et al. 2006).  Many studies have developed 
partial solutions to these problems such as gypsum additions to correct pH and sodicity 
(Gupta and Singh 1988; Wong and Ho 1988; Wong and Ho 1991; 1993; Polcaro et al. 
2000; Eastman and Morald 2004; Kopittke et al. 2004); and fertilizers which are applied 
at high rates alone or with organic amendments to increase plant available nutrients 
(Fuller et al. 1982; Williams and Hamdy 1982; Marschner 1983; Wong and Ho 1991; 
Bell et al. 1997; Jasper et al. 2000; Gherardi and Rengel 2003b; Courtney and Timpson 
2004; Eastham and Morald 2006).  Although these manipulations have been successful 
to varying degrees, low water holding capacity and the poor nutrient retention of sands 
still remain major constraints to long term self-sustaining vegetation. 
  A recent comprehensive study comparing inorganic and organic (poultry, 
composted poultry, compost and manure) fertilizer use on residue sands illustrates the 
lack of nutrient retention in residue sands and highlights the complexity of nutrient 
deficiencies that occur during rehabilitation (Eastham et al. 2006).  All treatments 
received the best management practices of a gypsum addition (50 t ha
-1) ripped in to 0.7 
m, additions of KCl (100 kg ha
-1), and a trace element mix (90 kg ha
-1).  Although pH 
(8.2 - 8.4) and salinity (EC (1:5) 0.66 - 0.82 dS m
-1) had dropped significantly within 
three months, major nutrient deficiencies were measurable, including N and P.  
Additionally low levels of organic matter (< 0.15 %) were recorded and plant foliar 
concentrations were low to deficient in P, K, Mg, Cu, Zn (Eastham et al. 2006).  
Vegetation and rehabilitation of bauxite residue sites are intensively managed, but due 
to the nutrient retention limitations of residue sands nutrient deficiencies are common.   
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This is further complicated by the reduced bioavailability of many trace nutrients due to 
the alkaline conditions (Gherardi and Rengel 2001; Thiyagarajan et al. 2009).  
  Soluble and exchangeable cations (Ca, Mg, Na and K) present a particularly 
interesting scenario in bauxite residue rehabilitation.  Very high concentrations of Na 
exist in bauxite residues (as high as 99 cmol kg
-1 in unaltered fines) in soluble and 
exchangeable forms and within the multiple forms of sodium aluminosilicates (mainly 
sodalite) termed the desilication product (DSP) (Wong and Ho 1995).  It is estimated 
that up to 75 % of the Na in the residue may be slowly released from within the 
aluminum-silicate micropore network of the DSP, representing a long term problem for 
pH and sodicity (Wong 1990).  Exchangeable sodium percentage (ESP) can be as high 
as 60 - 85 in fresh residue sands and fines (Meecham and Bell 1977a; Wong and Ho 
1993; Courtney and Timpson 2005).  The soluble and exchangeable fractions are 
believed to be easily leached from the residue sands and large amounts of 
phosphogypsum (up to 225 t ha
-1) are applied to ameliorate the adverse growth 
conditions for plants.  Addition of phosphogypsum is used to remove Na from exchange 
sites by Ca displacement and a reduction of pH is believed to partially occur through the 
precipitation of calcium carbonate.   
  Phosphogypsum treated residue materials have a high concentration of Na and 
Ca in solution and this may result in competition amongst cations for plant uptake with 
Ca deficiencies possible (Kopittke and Menzies 2005a).  Although Mg deficiencies 
have been the most prevalent among the cation deficiencies in the bauxite residue, 
seawater treatment of residues, which is a preferred method for many situations, 
introduces significant concentrations of Mg but may also induce Ca deficiencies in 
vegetation (Kopittke and Menzies 2005b).  Concentrations of K are low in unfertilized 
fresh residue sand and current fertilizer practices do not appear to maintain K  
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concentrations at levels necessary for adequate plant uptake (Eastham and Morald 
2006).   
  Revegetation is a key component for long-term rehabilitation of RDAs in terms 
of erosion control, site stability, water balance, pollution control and aesthetics.  These 
issues will only be successfully managed if self-sustaining vegetation is established.  
Successful revegetation of RDAs in the Mediterranean type climatic region of south-
western Western Australia is in turn dependent on a capping stratum which will satisfy 
water use and nutrient cycling requirements of the vegetation.  Rehabilitation of residue 
sands alone has had limited success producing a growth media capable of supporting a 
self sustaining diverse native flora community. 
  Increasing the water and nutrient retention of the capping layer sands for the 
long term requires an alteration of the soil texture.  It is hypothesized that only a small 
proportion of fines are required to improve the growth characteristics, while adverse 
effects may be produced from excessive amounts.  To alter the bauxite sand (~ 92 % 
sand) to a loamy sand texture class requires an increase of 7 – 22 % of silt and clay (> 
0.060 mm size particles) based on the United States Department of Agriculture (USDA) 
texture classification (Figure 1.1).   
 
Figure 1.1. USDA texture triangle 
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  It is hypothesized that by increasing the residue fines content (< 0.060 mm size 
particles) by only 7 – 8 %, the texture change will increase meso- and micropore spaces, 
and in turn, increase the water holding capacity.  Figure 1.2 shows a generalized 
diagram of how available water content increases with increasing fines content.  
Increased water retention occurs because the additions of fines to sands decreases the 
macropores (> 0.060 mm dia.) which tend to be air filled and increases the meso- (0.002 
- 0.060 mm dia.) and micropores (< 0.002 mm dia.) which retain water through 
capillary tension.  Water retained in mesopores is considered plant available water. 
 
Figure 1.2. Generalized relationship between soil texture and pore water. (Ritter 
2006) 
  Slight changes in this physical characteristic of the capping layer are expected to 
produce a beneficial increase in plant available water.  Research has shown that 
additions of silts and clays to sands increases plant available water capacity, and crop 
yield, even with small changes (4 – 20 %) in silt and clay content (Noble et al. 2001; 
Croker et al. 2004; Berthelsen et al. 2005; Soda et al. 2006; Suzuki et al. 2007).  
Additions of fines to sandy soils have also been shown to increase nutrient levels 
present and nutrient retention.  Bentonite clay additions have been shown to increase 
cation exchange capacity and reduce the loss of cations during leaching in sandy 
agricultural soils (Noble et al. 2001; Croker et al. 2004; Berthelsen et al. 2005; Soda et 
al. 2006).  
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  Organic matter additions such as compost, biosolids, and piggery or chicken 
manures have been shown to increase water retention and organic nutrient content, but  
these benefits only last for the short term (< 3 months) (Eastham and Morald 2006) if 
the growth media does not have the capacity to retain or recycle the organic matter.  
The lack of organic matter present is major concern as the additions of some types of 
organic amendments (e.g. chicken manure) in Western Australia have been restricted 
due to preceived health risks by the nearby communities.  Silt and clay act as an 
important binding mechanism for accumulation of organic matter which does exist 
through binding into stable micro- and macro-aggregates (Edwards and Bremner 1967; 
Stevenson 1994; Wagner et al. 2007).  These stable aggregates act as a storage 
mechanism for nutrients which can be cycled within the soil ecosystem and made 
available to plants through microbial decomposition over the long term.  Without these 
aggregates, nutrients such as NO3, P, S, K and exchangeable cations (Mg, Ca, Na, and 
K) can be easily lost through leaching on sandy substrates such as residue sands.  As 
fresh residue materials have very little organic matter (< 0.3 % (Wong and Ho 1993)), it 
is extremely important to ensure the growth media have the necessary texture 
components to retain nutrients and build a base of organic matter through development 
of stable aggregates.   
  Due to the cost of acquiring and transporting a silt/clay mixture from off site, the 
treated residue fines offer a less expensive option for altering the particle size 
distribution of the growth media.  Once adverse characteristics of residue fines have 
been ameliorated through treatments (carbonation or seawater washing), the physical 
benefits of the fines additions should be similar to other silt/clay materials with similar 
particle size distribution.  
  Until recently the other by-product of bauxite refining, residue fines, was mostly 
ignored as a soil amendment for on-site capping of the RDAs due to its caustic nature  
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and slow leaching characteristics.  Residue fines have been used successfully as an 
amendment on sandy, acidic agricultural soils and on mine spoils due to its acid 
neutralizing capacity, increased water holding capacity and nutrient retention 
capabilities (Barrow 1982; Koch and Bell 1983; Ward 1983; Vlahos et al. 1989; 
Summers et al. 1993; Browner 1995; Summers et al. 1996a; Summers and Pech 1997; 
Summers et al. 2001; Snars et al. 2003; Hanahan et al. 2004; Snars et al. 2004a; Snars et 
al. 2004b).  The only previous attempt to use residue fines to amend bauxite residue 
sands showed very high rates of addition of unaltered residue fines only compounded 
the adverse caustic characteristics (Meecham and Bell 1977b).  But after pretreatment 
(seawater washing or carbonation), residue fines have improved chemical 
characteristics which limit the adverse characteristics of sodicity and alkalinity (Cooling 
et al. 2002; Menzies et al. 2004).    
  Residue fines have been treated to neutralize the alkalinity, using strong acids 
(Shannon and Verghese 1976; Shiao and Akashi 1977; Piga et al. 1993; Koumanova et 
al. 1997; Pradhan et al. 1998), or gypsum amendments (Gupta and Singh 1988; Ho et al. 
1989; Wong and Ho 1991; 1993; Courtney et al. 2003; Courtney and Timpson 2004; 
Kopittke et al. 2004; Courtney and Timpson 2005; Ippolito et al. 2005; Xenidis et al. 
2005) with varying degrees of success.  Recent research has developed techniques of 
carbonation or seawater washing treatments to reduce the pH and remove excessive 
amounts of Na from residue fines, thus reducing the adverse caustic nature. 
  Carbonation of residue fines occurs by passing concentrated CO2 through a 
slurry of residue fines (Cooling et al. 2002; Jones et al. 2006).  Seawater washing occurs 
by mixing seawater and residues into a slurry to transport the residue fines or by in situ 
leaching using seawater irrigation.  Many recent studies have been produced assessing 
the favorable chemical conditions after seawater washing of residues (Somes et al.  
  14 
1998; McConchie et al. 2000; Hanahan et al. 2004; Kopittke et al. 2004; Menzies et al. 
2004). 
  Carbonation instigates reductions in pH (from 12 to 9 - 10) due to CO2 reacting 
with OH
- to form HCO3
- which then precipitates soluble and exchangeable Na to form 
NaHCO3, which can then react to from more stable compounds (Cooling et al. 2002; 
Jones et al. 2006).  Not only does this affect the chemical composition, but carbonation 
has been proven to alter measurable physical characteristics such as shear strength and 
moisture retention (Nikraz et al. 2007).  By carbonating the residue fines, the Na 
concentrations are lowered, but it is not known if plant nutrients will remain available 
when added to residue sand. 
    Seawater washing treatment of residue fines reduces the Na concentrations by 
precipitating Na as possibly either Na2CO3 or Na2SO4 or larger minerals such as 
sodalite or nosean.  Reductions in pH (from 12 to 8 - 9) arise due to removal of 
hydroxide ions into formations of Mg and Ca hydroxides and hydroxycarbonates 
(McConchie et al. 2000; Hanahan et al. 2004).  Another significant benefit is the 
introduced cations from the seawater washing that displace the Na on the exchange 
sites.  These nutrients include: Ca, Mg, K, and many others (Hanahan et al. 2004; 
Menzies et al. 2004; Wehr et al. 2006).  Due to the relative decreases in Na and 
increases in Ca, Mg, and K, seawater washed residue fines have lower ESP and greater 
plant available nutrients on exchange sites.  In seawater washed fines, adsorption of 
phosphate is as much as 2.5 times greater than that of unaltered residue fines (Hanahan 
et al. 2004).  Seawater washed residue fines also have significantly greater acid 
neutralization capacity compared to unaltered fines due to additions of Ca and Mg 
compounds (Hanahan et al. 2004).    
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  As an on-site amendment of residue capping sands, the addition of altered 
residue fines could be useful to increase water holding capacity and improve the 
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Chapter 2  Materials and Methods 
2.1  Introduction  
  This thesis addresses the overall question of “Does adding bauxite residue fines 
to residue sands improve the overall characteristics of the substrate as a growth 
medium?”.  To answer this question, research addressed three main media properties 
relevant to plant growth: 1) plant available water; 2) initial concentrations and retention 
of growth media nutrients and 3) plant responses and plant nutrient concentrations.  
These properties are examined in four experiments by a series of approaches.  The four 
main experiments were: 
1.  Acacia saligna glasshouse study: Chemical and physical properties of residue 
fines treatments using Acacia saligna as a biological indicator: A three month 
glasshouse study.  
2.  Field experiment: Field sites at Alcoa World Alumina’s, Kwinana and Pinjarra 
residue disposal areas in Western Australia investigating water retention, 
chemical properties, plant growth and plant nutrient concentrations.   
3.  Seed germination: Germination and emergence of Acacia saligna in altered 
bauxite residue materials: part 1 and 2. 
4.  Column leaching study to evaluation of cation movement within growth media: 
Mobility of bases (Ca, Mg, K, Na) in altered bauxite residue fines treatments. 
Alcoa supplied appropriate materials to complete this project (Table 2.1), including 1.3 
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Table 2.1. Bauxite residue materials used during the development of residue fines 
treatment experiments.  










1 – Initial glasshouse  675  41  41  41  13 
2 – Field Sites*  38,850*  -  450*  450*  777* 
3 – Germination  50  10  10  10  0.5 
4 – Glasshouse column  336  5  5  5  7 
Total (kg)  38,851,061  56  450,506  450,506  777,021 
* Approximate weights in tonnes 
2.2  Experiment 1.  Chemical and physical properties of residue fines treatments 
using Acacia saligna as a biological indicator: Acacia saligna glasshouse 
study.  
2.3  Purpose and background 
  This experiment was prepared and designed to assess chemical and physical 
parameters from a range of residue fines additions to residue sand, and how these 
different additions of fines may relate to the overall capability of the growth media to 
support a test species, Acacia saligna.      
2.4  Glasshouse experiment 
  Three types of treated residue fines were used as amendments to residue sand in 
this experiment: unaltered, carbonated, and seawater washed.  Proportions of added 
residue fines were: 0 (control), 1, 2, 3, 5, 10, 20 % (w/w).  All treatment columns were 
replicated three times for a total of 57 columns.   
2.4.1  Material preparation 
  Residue sands, unaltered residue fines, carbonated residue fines, 
phosphogypsum and inorganic fertilizer were collected at the Kwinana RDA.  Residue 
sands were removed from freshly deposited sand piles at the slurry discharge pipe and 
stored in 20 L buckets.  Sands contained approximately 15 - 25 % gravimetric water.  
Unaltered and carbonated residue fines were removed directly from freshly deposited 
fines in “mud lakes” at the slurry discharge pipe, and also stored in 20 L buckets.  These  
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fines contained approximately 50 - 60 % water on a gravimetric basis.  Carbonated fines 
were treated prior to discharge in the carbonation facility at Kwinana.  For the seawater 
treatment, the residue fines were processed at the Kwinana operations plant with 
assistance from the residue operation research team.  Fresh unaltered residue fines were 
added to 200 L drums and filled with fresh seawater at a ratio of 10 : 1 (Menzies et al. 
2004).  The slurry was agitated with a cement mixer and the fines particles were then 
allowed to settle for seven days.  Supernatant was removed by means of an electric 
pump and the remaining supersaturated seawater washed residue fines (~ 50 - 60 % 
water) were transferred into 20 L buckets.  All materials were relocated to Murdoch 
University greenhouse facilities and air dried for up to 30 days.  After complete drying 
of materials, residue fines were pulverized in a series of rock crushers to ensure all 
aggregates larger than 200 µm were dispersed. 
2.4.2  Column preparation 
  Residue sand was amended with phosphogypsum and inorganic fertilizer to 
reflect the operational protocol in RDA rehabilitation.  This treatment (i.e. no residue 
fines addition) was used as the control.  Residue sand and industrial waste 
phosphogypsum were dried and sieved to < 2 mm.  Sand, residue fines, and 
phosphogypsum were analyzed individually prior to column preparation for extractable 
nutrients (NO3, NH4 (Searle 1984), P, K (Colwell 1965), and S (Lewis 1999)), 
exchangeable Ca, K, Mg, Na (pre-washed with 60 % ethanol to remove soluble forms) 
(Rayment and Higginson 1992), and pH and EC on a 1:5 soil to water extract (Rayment 
and Higginson 1992).  All treatment columns received phosphogypsum 2% (w/w) and 
inorganic fertilizer (Table 2.2) that were supplied by Alcoa and as used in standard 
residue rehabilitation operations (i.e. according to current rates applied in the field on a 
mass basis).  Pre-determined portions (w/w) of sand, fines, phosphogypsum and 
fertilizer were combined and thoroughly mixed in a concrete mixer for approximately  
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10 minutes.  Mixing was done for the three replications for each treatment percentage, 
this required mixing 40 kg of materials at a time.  Once mixed, the growth media was 
packed into columns.  These columns are 50 cm tall PVC with a 13 cm diameter which 
were able to be split vertically and reinforced with a worm clamp.  Each column was 
capped on the bottom, with a discharge tap to collect leachate.  The end caps where 
filled with 1.2 kg of washed rock to prevent growth media loss during leaching.  
Growth media was packed into columns in 10 cm increments to 45 cm depth to ensure a 
uniform bulk density and growth media texture throughout the profiles.  Columns were 
then leached with 6000 ml (equivalent to 340 mm of rainfall or 2.4 - 3.4 pore volumes) 
of distilled water in 24 individual 250 ml increments to reduce soluble salt levels for 
plant growth.  The extent of leaching is considered plausible under field conditions in 
the rainy winter season of the southwest of Western Australia which averages 400 - 600 
mm of rainfall in events typically of 5 - 20 mm.  Leaching was done to reduce EC of 
leachate to < 10 dS m
-1, to ensure possible plant growth. 
2.4.3  Vegetation monitoring 
  Acacia saligna “Coojong” variante cyanophylla (Labill.) H.L.Wendl (orange 
wattle) was chosen as the biological indicator, because it is a semi-salt tolerant legume 
native to the coastal south-west of Western Australia.  Seedlings were produced from 
seeds grown in 3 cm
3 of inert non-residue sand for two weeks.  The seedlings reached a 
height of approximately 5 cm and possessed two leaflets prior to transplanting, at a 
density of four plants per column.  For accurate moisture monitoring, dry weights of 
growth materials in columns were recorded and water holding capacity was determined 
during initial wetting of materials, prior to leaching, by recording the amount of water 
required to produce initial leaching.  To ensure adequate growth, moisture content 
within each column was adjusted every three days to 85 % of water holding capacity by 
reweighing each column and adding water to reach the required weight.  Every two  
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weeks, columns were randomly relocated within the greenhouse to limit any variability 
in temperature and sunlight received.   
2.4.3.1  Aboveground biomass 
  After 12 weeks, plants were harvested at the growth media surface, gently 
washed with distilled water, and oven-dried at 60 ºC for 48 hours.  Aboveground 
biomass dry weights were recorded.  Dried aboveground biomass was ground to 
approximately < 0.2 mm and sent to the Marine and Freshwater Research laboratory 
(MAFRL) for digestion and whole plant nutrient analysis for Total Kjeldahl N 
(MAFRL Method 2600, using a Lachat Automated Flow Injection Analyser with a 
digest as per Technicon Autoanalyser II Industrial Method No. 329-74 W/B (1977) 
(Technicon Industrial Systems: Tarrytown, New York), followed by analysis as for 
Ammonia in natural waters by FIA, MAFRL Method 2000 (MAFRL 2009b)), P 
(MAFRL Method 4500 using a Lachat Automated Flow Injection Analyser Digest as 
per Technicon Autoanalyser II Industrial Method No. 329-74 W/B (1977) (Technicon 
Industrial Systems: Tarrytown, New York), followed by analysis as for Orthophosphate 
in natural waters by FIA, MAFRL Method 4100 (MAFRL 2009b)), S, B, Al, Zn, Cu, 
Fe, Mn, Ca, Mg, K, and Na (Determination of total recoverable elements in biological 
tissue by ICP-AES, MAFRL Method: ICP 003 Varian (Vista AX) ICP-AES CCD 
Simultaneous Standards Australia, McDaniel W., 1991, Method 200.3: Sample 
Preparation Procedure for Spectrochemical Determination of Total Recoverable 
Elements in Biological Tissues, Revision 1.0, U.S. Environmental Protection Agency, 
Ohio (MAFRL 2009a)). 
2.4.3.2  Belowground biomass  
  Columns were split open vertically and roots were separated by depths of 0 - 10, 
10 - 20 and > 20 cm.  Roots were separated from growth media by a series of sievings,  
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and root material greater than 125 µm was retained, gently washed with distilled water 
and oven-dried at 60 
oC for 48 hours.  Below ground biomass dry weights were 
recorded. 
2.4.4  Growth media characterization 
2.4.4.1  Chemical properties 
2.4.4.1.1  Initial growth media conditions 
  After packing and leaching the columns, initial properties of the growth media 
were determined on samples collected from the 0 - 10 cm depth.  Growth media 
samples were analyzed by a commercial laboratory (CSBP, Bilbra Lake Western 
Australia) for extractable nutrients NO3, NH4 (Searle 1984), P and K (Colwell 1965), S 
(Lewis 1999), organic carbon (OC %) (Walkley and Black 1934), DTPA Cu, Zn, Mn, 
and Fe (Rayment and Higginson 1992), Al (Bromfield 1987), B (Rayment and 
Higginson 1992), exchangeable Ca, K, Mg, Na (pre-washed with 60 % ethanol to 
remove soluble forms (Rayment and Higginson 1992), and pH and EC on a 1:5 soil to 
water extract (Rayment and Higginson 1992).   
2.4.4.1.2  Final growth media conditions 
  At harvest, the growth media was separated into depth increments of 0 - 10, 10 - 
20, 20 - 30 and 30 - 40 cm.  The 0 - 10 cm depth was analyzed in the same manner as 
for the initial samples (see above).  As 79 % (ranging from 58 - 100 %) of roots were 
limited to 0 - 10 cm depth, nutrient analysis of the growth media was only assessed for 
this portion.  Electrical conductivity and pH were determined for the 0 - 10 and 10 - 20 
cm depth increments.  Bulk density (Grossman and Reinsch 2002) was determined from 
the 30 - 40 cm depth to eliminate effects from root penetration on the values obtained.  
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2.4.4.2  Particle size analysis 
  Particle size analysis was assessed on ten residue sand samples and on four 
replicates for each of the residue fines, using sedimentation rates for both the pipette 
(Bowman and Hutka 2002) and hydrometer methods (Gee and Or 2002).  Both methods 
were used to compare results, as the hydrometer method may not be as accurate at the 
low clay contents within residue sands and again at high clay contents (Gee and Or 
2002).  No pretreatments were preformed on the bauxite residue sands, due to the lack 
of organic matter and no physical structure (i.e. aggregates) present.  Removal of 
aluminum and iron oxides was not done, as the high concentrations present are part of 
the physical makeup of the residue and not a secondary precipitate; thus removal would 
significantly alter the texture and yield misleading results in relation to water retention.  
Fresh residue sand and fines do not contain gypsum, but there are high levels of soluble 
salts.  But, no pretreatment was necessary for soluble salts either, as residue sands and 
fines are high in Na and, thus the soluble salts will not interfere with dispersion during 
sedimentation.  Samples of < 2000 µm were separated into > 1000, 1000 - 500, 500 - 
250, 250 - 100, 100 - 63, 63 - 43, 43 - 20, 20 - 5 and < 2 µm particle size fractions.  In 
both methods, 100 g of sand or 50 g of fines was added with 200 ml deionized water to 
250 ml plastic bottles.  Sands were shaken vigorously for 1 minute, while fines were 
shaken for > 16 hours.  Concentrations of 1 g sodium hexametaphosphate (NaHMP) L
-1 
was used as a dispersant in the pipette method (Bowman and Hutka 2002).  
Sedimentation analysis was done in a constant 25 °C temperature room.  Samples and 
NaHMP solutions were added to sedimentation columns and the sediment solutions 
were brought to 1000 ml volume with deionized water.  Columns were gently turned 
end-over-end for 60 seconds and than allowed to settle until measurements were taken 
at 4 minutes 16 seconds (< 20 µm), 68 minutes 15 seconds (< 5 µm) and again at 7 
hours and 5 minutes (< 2 µm).  For the pipette method, 25 ml of suspension was  
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extracted, within 12 seconds, from the 10 cm depth for silt and clay fractions at times 
shown above.  A blank was also sampled for the correction of NaHMP weight in 
sediment solution.  Extracts were dried at 105 °C for > 16 hours and the particle size 
fractions were weighed.  After completion of timed measurements, sediment solution 
samples were poured and rinsed from sedimentation columns onto a 43 µm sieve and 
washed thoroughly with deionized water to remove all particles < 43 µm.  Sand portion 
was dried at 105 °C for > 16 hours and weighed.  Dried sand portion was added to 
nested sieves of sizes 1000, 500, 250, 100, 63 and 43 µm and shaken for three minutes 
on a mechanical shaker.  Each sand fraction was recovered and weighed individually.  
The fraction for 43 – 20 µm was assumed to be weight remaining after all calculated 
weights were accounted for, assuming no loss of soil. 
  For the hydrometer method, a concentration of 5 g NaHMP dispersant L
-1 was 
used in the sedimentation columns, which were kept at a constant 25 °C temperature.  
Time measurements were taken at 4 minutes 25 seconds (< 20 µm), 69 minutes 30 
seconds (< 5 µm), and 7 hours 19 minutes (< 2 µm).  These slight differences in time 
(between pipette and hydrometer methods) are due to the different NaHMP additions 
resulting in different densities, thus altering the viscosity of the solutions.  The increase 
in the density of the liquid reduces the velocity of the particles and requires longer for 
sedimentation.  At each time interval, a hydrometer (No. 2794 (- 5 / + 60 gL
-1), 
Chemicals & Instruments Pty. Ltd., Sydney, Australia) was inserted into the suspension 
and a measurement of the solution density was recorded.  A blank was also sampled for 
subtraction of NaHMP density.  After timed measurements with the hydrometer, the 
sand fraction was processed by sieving in the same manner as the pipette method.   
2.4.4.3  Water retention characteristics 
  Water retention (Dane and Hopmans 2002) at - 0.01. - 0.033 and - 1.5 MPa 
matric potential was determined for the growth media sampled at 20 - 30 cm depth,  
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using a porous pressure plate extractor chamber system (Soil Moisture Equipment; 
Santa Barbara, California).  In additions to the initial fines treatments (0, 1, 2, 3, 5, 10, 
and 20 %), a series of 100 % fines were measured for water retention characteristics to 
assess the full spectrum of mixtures.  Briefly, columns of 37 mm high by 38 mm 
diameter were filled with growth media and allowed to saturate by placing in 1 cm of 
distilled water on a porous pressure plate.  Additional growth media was added as 
material contracted with wetting until equilibrium was reached in volume and saturation 
was reached.  Columns were placed on 0.01 or 1.5 MPa matric potential porous 
pressure plate and brought to desired pressure in the pressure chamber.  Discharge was 
monitored for 5 - 7 days until equilibrium was reached (Cresswell et al. 2008).  
Columns were removed and weighed at each pressure interval, then re-saturated prior to 
being pressurized for the next interval.  After completion of all pressure measurements, 
the column was removed and a final weight measurement was taken after drying the soil 
column at 105 °C for > 24 hours.  Weights at each pressure interval were divided by 
residue dry weight to determine % water content at each pressure.  Bulk density was 
measured from the final dry residue weight and column volume, so that volumetric 
water content could be calculated.   Porosity was estimated from bulk density by 
(Kirkham 2005): 




















ρb = bulk density of growth media 
ρs = particle density (2.65 Mg m
-3 (sands) or 3.50 Mg m
-3 (fines)) 
  Due to the homogenous, disturbed nature of the residue rehabilitation materials, 
many of the concerns that have arisen over the years with porous pressure plate 
measurements were able to be dealt with in a satisfactory manner (Cresswell et al.  
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2008).  In particular, for samples with less than 20 % fines additions no concerns were 
found with pressure plate to soil surface contact due to soil shrinkage, blockage of plate 
pores from colloidal materials with high clay content, biological / structural macropores 
(due to disturbed nature of residue materials), or biological activity (due to high sodicity 
and lack of organics).  For 100 % fines samples, colloidal movement blocking plate 
pores and soil shrinkage may have been an issue, although no noticeable blockage 
occurred and plate to soil contact appeared to remain sufficient throughout the 
experiment.  Still, results for the 100 % fines samples should be considered good 
estimates but not absolute values, due to these possible discrepancies in the method 
used. 
  Measurements at - 0.01 MPa matric potential represent field capacity in a coarse 
grain sand or light textured soil (Cresswell 2002), and at - 0.033 MPa matric potential 
they represent field capacity of most soils including the heavy textured soils, and at - 
1.5 MPa matric potential they represent the wilting point for plants.  Plant available 
water, as discussed in this thesis, was measured in two ways.  Either the water content 
at - 0.01 MPa of matric potential minus the water content at – 1.5 MPa matric potential, 
which will be referred to as PAWlight; or as the water content at – 0.033 MPa matric 
potential minus the water content at – 1.5 MPa matric potential (PAWheavy). 
2.4.4.4  Water retention curves 
  Water retention curves were developed using the RETC program (van 
Genuchten et al. 2007).  Retention curves were based on retention data only and input 
from Rosetta v1.1 using sand, silt, clay, bulk density and water content at - 0.033 and - 
1.5 MPa of matric potential and was calculated based on the van Genuchten equation 
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2.5  Experiment 2. Field sites at Alcoa World Alumina’s Kwinana and Pinjarra 
residue disposal areas, Western Australia.   
2.6  Purpose and background 
   A field experiment was established using residue fines incorporated with residue 
sand at rates of 3 and 8 % (w/w) to test the results from Experiment 1. These rates were 
predicted (from Experiment 1) to achieve the best combination of increased water 
retention, addition of nutrients and nutrient retention, while limiting the adverse effects 
from increased salts, particularly Na.  Although 8 % was not represented in the initial 
greenhouse study, it was predicted to be better than the 10 % as the latter rate produced 
excessive levels of Na, and the 8 % rate was preferable to a 5 % fines addition with 
respect to improved water retention. 
  Seawater treated residue fines additions produced the most promising results in 
the initial greenhouse (Experiment 1), but logistics and cost prevented its use at a field 
scale.  Both carbonated and unaltered residue fines additions were used as treatments in 
the field experiment. 
  This experiment was developed and designed to determine if significant 
differences in water retention, nutrient concentrations and retention, and vegetative 
responses occurred due to incorporation of residue fines into residue sands in a field 
setting. 
2.7  Set up and development of field experimental sites 
2.7.1  Field site description  
Two replicated field experimental sites were developed and installed at Alcoa’s 
Kwinana RDA and Pinjarra RDA in Western Australia (Figure 2.1 and Figure 2.2).  The 
Kwinana RDA is located at latitude  32°11'54.22"S and longitude 115°49'31.93"E and 
the Pinjarra RDA is at latitude  32°37'59.28"S and longitude 115°55'35.08"E.    
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Figure 2.1. Map of Australia showing the location of the Kwinana and Pinjarra 
RDAs. 
 
Figure 2.2. Map of southwest Western Australia showing the location of the 
Kwinana and Pinjarra RDAs.  
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The two replicated locations were similar in slope angle (~ 20 %), slope position 
(middle of embankment), elevation (~ 100 m), mean maximum temperature at 24.2 and 
23.0 °C respectively, and annual average rainfall at 780 and 880 mm respectively, and a 
mean annual evaporation of ~1700 mm with the highest rates of evaporation occurring 
between October – March (Bureau 2009).  The Kwinana site had a southerly aspect, 
while the Pinjarra site faced north.     
2.7.2   Additions of residue fines and phosphogypsum 
  At each RDA, the entire experimental block was 35 m wide by 185 m long.  
Each of these experimental blocks had five treatments plots: residue sand (current 
practice), unaltered fines additions of 3 and 8 %, and carbonated fines additions of 3 
and 8 %. Each treatment plot was 25 m wide by 25 m long.  Buffer zones of five metres 
around each individual treatment plot were established due to limitations in mechanical 
mixing and to limit edge effects.  Sites were set up as shown in Figure 2.3 and Figure 
2.4. 
 
Figure 2.3. Residue bauxite fines treatment plots at Kwinana residue disposal area, 
Western Australia. 












Control  Unaltered 
8% 
UPHILL  
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Figure 2.4. Residue bauxite fines treatment plots at Pinjarra residue disposal area, 
Western Australia. 
2.7.2.1  Preparations of fines and transport 
  Multiple preparations were completed for adequate incorporation of residue 
fines into the sand embankments, due to the small percentages added.  Residue fines 
were dried and disked in situ, a minimum of five times within the respective mud lakes, 
to 30 cm of depth.  This was done to homogenize the particle sizes with the maximum 
size being approximately 5 cm in diameter and > 75 % of the material at < 1 - 2 cm.  
Residue fines were loaded in 20 t haulage trucks and transported to the experimental 
sites.  Processed residue fines were stored in piles adjacent to experimental sites for less 
than three days before incorporation.   
  Samples of carbonated mud were obtained from the Kwinana carbonation plant. 
This material was also used at Pinjarra as this site does not have a carbonation plant. 
Unaltered fines were obtained from each of the respective sites.  Transportation of 
carbonated residue fines was in compliance with their classification by the Australia 
government as controlled waste and required Department of Environment transportation 
permits. 
2.7.2.2  Incorporation techniques 
  Incorporation into experimental sites at the Kwinana RDA occurred from the 
23
rd to 26
th of May 2006 and at Pinjarra from the 24
th to 26
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Incorporation of the residue fines with residue sand was carried out as follows.  
Initially, the one-half of the required fines and phosphogypsum were spread in 
approximately 8 m wide strips on the sand embankment surface.  The sand / fines / 
phosphogypsum mixture was then removed from the 8 m strip by an excavator to 1 m 
depth and windrowed to the side of the trench. The materials were then thoroughly 
mixed using the excavator. The remaining half of fines and phosphogypsum were then 
placed into the excavated trench and mixed in-situ with the excavator.  Mixing was 
carried out to a depth of 2 m.  After mixing the surface, the windrowed material was 
placed back into the trench, and the surface leveled.  This provided an overall 
incorporation depth of fines and phosphogypsum to 2 m. 
 
Figure 2.5. Excavation and application of bauxite residue fines and 
phosphogypsum at the Kwinana experimental site. 
 
 
Figure 2.6. Front end loader “turning in” bauxite residue fines and 
phosphogypsum into experimental sites at Kwinana (left) and Pinjarra (right).  
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2.7.3  Surface preparations 
2.7.3.1  Fertilizer incorporation 
  After incorporation of fines and phosphogypsum, fertilizers were added to the 
growth media surface and disked in to establish a supply of plant available nutrients 
adequate to support the desired plant community (Eastham et al. 2006).  Inorganic 
fertilizer was surface applied in June 2006 and disked in to a depth of 30 cm (Table 
2.2). 
 
Table 2.2. Fertilizer composition used on bauxite residue rehabilitation fines 
treatment sites at Alcoa’s Kwinana and Pinjarra residue disposal areas. 
Composition  Active Element Rate* 
DiAmmonium Phosphate  P = 300 kg ha
-1  N = 265 kg ha
-1   
K2SO4 (granulated)  K = 300 kg ha
-1   
CuSO4  Cu = 10 kg ha
-1   
ZnSO4 (granulated)  Zn = 16 kg ha
-1   
MgSO4  Mg = 30 kg ha
-1   
MnSO4 (granulated)  Mn = 15 kg ha
-1   
NaMoO4  Mo = 0.25 kg ha
-1   
Borax (granulated)  B = 1.5 kg ha
-1   
* Data sourced from I.Phillips, personal communication 
 
2.7.3.2  Broadcast seed application and species composition 
  Immediately after incorporation of fertilizers, seeds of native species were 
applied by broadcast seeding.  Broadcasting of native species seeds was done prior to 
mulching to create a seed bank for the initial vegetative community.  Species that were 
broadcast in June 2006 on both RDAs are listed in Table 2.3.  This species list 
comprises a mixture of grass-like ground cover, small shrub, medium shrub and tree 
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Table 2.3. Native Australian species broadcast seeded on Kwinana and Pinjarra 
bauxite residue fines field experimental sites. 
Genus and species   Plants ha
-1  Plants site
-1  Plants treatment
-1 
Scaevola crassifolia  142  89  16 
Melaleuca acerosa  126  79  16 
Calocephalus brownii  125  78  16 
Eremophila glabra  125  78  16 
Calothamnus 
quadrifidus  104  65  16 
Hakea lissocarpha  103  64  16 
Hakea trifurcata  103  64  16 
Conostylis candicans  100  63  16 
Eucalyptus 
gomphocephala  100  63  16 
Agonis flexuosa  80  50  16 
Grevillea crithmifolia  80  50  16 
Grevillea thelmanniana  80  50  16 
Hardenbergia 
comptoniana  80  50  16 
Carpobrotus virescens  75  47  16 
Olearia axillaris  75  47  16 
Pimelea ferruginea  73  46  16 
Guichenotia ledifolia  70  44  16 
Allocasuarina humilis  65  41  8 
Myoporum insulare  62  39  8 
Conostylis aculeata  50  31  6 
Gompholobium 
tomentosum  49  31  6 
Rhagodia baccata  46  29  6 
Melaleuca huegelii  45  28  6 
Melaleuca lanceolata  45  28  6 
Dianella revoluta  40  25  5 
Templetonia retusa  40  25  5 
Callitris preissii  32  20  4 
Kennedia prostrata  32  20  4 
Acacia lasiocarpa  30  19  4 
Trymalium ledifolium  28  18  4 
Eucalyptus decipiens  25  16  3 
Eucalyptus foecunda  25  16  3 
Dryandra sessilis  24  15  3 
Hakea prostrata  24  15  3 
Olearia rudis  24  15  3 
Acacia truncata  20  13  3 
Lepidosperma 
gladiatum  12  8  2 
Acacia cochlearis  11  7  1 
Sollya heterophylla  10  6  1 
Nuytsia floribunda  4  3  1 
Santalum acuminatum  4  3  1 
2.7.3.3  Mulch application 
  Wood chip mulch was applied to the surface with a broadcast spreader, as soon 
as fertilizing and broadcast seeding was completed, to a depth of approximately 5 cm.  
Mulching at both sites was completed in June 2006.  Mulch is applied as a ground cover  
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to reduce wind and water erosion in the early stages of rehabilitation.  Alcoa processes 
and transports the mulch from their pre-mining operations in the nearby Darling Range.   
2.7.3.4  Vegetation plots map and tubestock plantings 
  Each treatment plot was sub divided into 16 subplots (6.25 by 6.25 m) for 
planting of native vegetation from tubestock seedlings and subsequent vegetation 
monitoring (Figure 2.7). 
 
Figure 2.7. Bauxite residue fines treatment plots sub divided into 6.25 x 6.25 m 
plots for vegetation monitoring. 
   
  Species monitoring occurred on 17 native species (Table 2.4).  Within each of 
the 16 subplots, one tubestock seedling from each of the 17 native species was planted 
and the locations marked with bamboo canes.  This resulted in 16 replicated tubestock 
plantings of each species, per treatment plot, to be monitored over 27 months.  A total 
of 272 plants per treatment plot were planted for a total of 1360 tubestock plantings per 
RDA experimental block. 
 
6.25m  
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Table 2.4. Vegetation planted as tubestock seedlings on Kwinana and Pinjarra 
bauxite residue fines field experimental sites. 
Tubestock seedlings planted per treatment  Genus and species 
Kwinana  Pinjarra 
Scaevola crassifolia   16  16 
Conostylis candicans  16  16 
Carpobrotus virescens  16  16 
Hardenbergia comptoniana   0*  16 
Calocephalus brownie  16  16 
Calothamnus quadrifidus  16  16 
Grevillea crithmifolia  16  16 
Grevillea thelmanniana  16  16 
Guichenotia ledifolia  16  16 
Hakea lissocarpha  16  16 
Hakea trifurcate  16  16 
Melaleuca acerosa  16  16 
Olearia axillaris  16  16 
Pimelea ferruginea  16  16 
Agonis flexuosa  16  16 
Eucalyptus gomphocephala  16  16 
Eremophila glabra  32  16 
 * Not planted due to tubestock shortage 
2.7.3.5  Dates of plantings/replantings 
  Broadcast seeding occurred in June 2006, at both the Kwinana and Pinjarra 
RDAs.  Planting of the tubestock at the Kwinana RDA was done from the 17
th to 19
th of 
July 2006; and at the Pinjarra RDA from the 30
th June to 4
th of July 2006.  Construction 
in a new area of the Pinjarra RDA caused an unexpected migration of kangaroo from 
the area adjacent to our newly developed and planted Pinjarra experimental sites.  After 
4 weeks, > 55 % of the unprotected tubestock was preyed on by the kangaroos, resulting 
in tubestock either being completely consumed or pulled out of the ground.  Depleted 
vegetation was replaced with fresh tubestock from the 23
rd to 25
th August 2006, and 
then protected with plastic plant guards.  Although this significantly reduced grazing by 
the kangaroos, there were still some unavoidable losses.   
2.7.4  Growth media sampling 
  Initial growth media materials (i.e. residue sand, residue fines, and 
phosphogypsum) were sampled prior to site construction.  After construction of  
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experimental sites, growth media was sampled repeatedly: after construction but prior to 
fertilizing, after fertilizing, after the 1
st dry season and after the 2
nd dry season.   
2.7.4.1  Timing and techniques 
2.7.4.2  Initial sampling of construction materials 
  Samples of the initial materials for site construction were collected within hours 
of the construction beginning.  Samples were of the industrial byproduct 
phosphogypsum, unaltered fines, and carbonated fines before being applied to the site.  
In addition, samples of residue sand at the sites were sampled prior to mixing with fines 
and phosphogypsum.  All initial samples were analyzed by CSBP for extractable 
nutrients NO3, NH4 (Searle 1984), P and K (Colwell 1965), S (Blair et al. 1991), OC % 
(Walkley and Black 1934), DTPA Cu, Zn, Mn and Fe (Rayment and Higginson 1992), 
Al (Bromfield 1987), B (Rayment and Higginson 1992), exchangeable Ca, K, Mg, and 
Na (pre-washed with 60% ethanol to remove soluble forms (Rayment and Higginson 
1992), and pH and EC on a 1:5 soil to water extract (Rayment and Higginson 1992).     
2.7.4.3  Pre fertilizer vs. post fertilizer sampling 
  After site construction in June 2006, samples of the growth media prior to 
fertilization were taken by Alcoa staff (IR Phillips personal communication) to a depth 
of 80 cm from each treatment site for the Kwinana and Pinjarra RDAs.  After fertilizer 
was incorporated to 30 cm depth, samples of the growth media were again taken to a 
depth of 40 cm.  All samples were analyzed by CSBP for water soluble (saturated 
paste): Ca, Mg, Na, K, Al (Bromfield 1987), P , SO4, Cl, Fe, NH4, NO3, EC, pH 
(Rayment and Higginson 1992) by ICP - AES, HCO3, CO3; and also exchangeable 
fraction Ca, Mg, Na, K (Rayment and Higginson 1992), Al, Fe, ECEC, plus NO3, NH4 
(Searle 1984), Organic C (Walkley and Black 1934), S (Blair et al. 1991), Total N  
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(Truspec CN Carbon Nitrogen Determinator), Total P (Allen and Jeffery 1990), and 
oxal Fe and Al (Tamm 1922; Rayment and Higginson 1992).   
2.7.4.4  Yearly sampling 
  Yearly growth media sampling occurred in April 2006 and in April 2007.  At 
each treatment plot, six replicates were taken to 100 cm depth, in 9 segments (10 cm 
increments, plus the 80 - 100 cm depth increment), resulting in 270 individual samples 
per experimental site.  Samples were extracted by inserting in a 4 cm diameter PVC 
pipe to 100 cm depth, then excavating the PVC pipe intact.  The pipe was taped at both 
ends and transported back to the lab, cut into segments and the growth media was air-
dried in paper bags and transferred into plastic bags for storage until analysis was 
completed.  Analysis consisted of extractable bases (Ca, Mg, Na, K) extracted with 1M 
alcoholic NH4Cl at pH 8.5 (60 % ethanol) (Rayment and Higginson 1992): electrical 
conductivity and pH (1:5) (Rayment and Higginson 1992) was also determined on a 
subset of the field samples.   
2.7.5  Vegetation sampling 
  Vegetation on the field experimental sites was assessed for emergence of 
broadcast seedlings, survival of seedlings, survival of species from tubestock seedling 
plantings and nutrient concentrations within three species of vegetation.  
2.7.5.1  Emergence and survival of broadcast seeds 
  Count of stems per hectare and an estimated percentage cover were used to 
estimate differences in emergence of broadcast seeds and survival.  For statistical 
validity, five subplots out of the 16 for each treatment plot were randomly chosen as 
permanent broadcast vegetation monitoring sites.  These subplots were then divided  
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again into 9 – 2 x 2 m quadrats to simplify stem counts and estimations of percentage 
cover. 
  Sampling in this manner occurred in October 2006, April and October 2007 and 
April 2008 to record stem densities and estimated percentage cover. 
2.7.5.2  Survival of tubestock seedlings   
  All tubestock plantings were initially recorded, within each treatment plot, in 
June/July 2006.  This data was used as the baseline for survival of the tubestock 
plantings which were then measured again in October 2006, April and October 2007 
and April 2008.  Tubestock were located at each of the 272 bamboo canes per treatment 
plot (1360 bamboo canes per experimental site) and recorded as alive, dead or missing. 
2.7.5.3  Nutrient concentrations of vegetation 
  Plant species (Eucalyptus gomphocephala, Eremophila glabra and Scaevola 
crassifolia) were sampled for biomass nutrient concentration analysis.  When sampling 
of vegetation in the field, all attempts were made to harvest only the recently matured 
leaves.  After harvesting, the leaves were washed meticulously with distilled water to 
remove any sediment and dust, placed into brown paper bags and dried at 60 °C for 48 
hours.  Dried biomass was ground to approximately < 0.2 mm and sent to the Marine 
and Freshwater Research laboratory (MAFRL) for digestion and plant nutrient analysis 
for Total Kjeldahl N (MAFRL Method 2600, using a Lachat Automated Flow 
Injection Analyser with a digest as per Technicon Autoanalyser II Industrial Method 
No. 329-74 W/B (1977) (Technicon Industrial Systems: Tarrytown, New York), 
followed by analysis as for Ammonia in natural waters by FIA, MAFRL Method 2000 
(MAFRL 2009b)), P (MAFRL Method 4500 using a Lachat Automated Flow Injection 
Analyser Digest as per Technicon Autoanalyser II Industrial Method No. 329-74 W/B 
(1977)  (Technicon Industrial Systems: Tarrytown, New York), followed by analysis as  
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for Orthophosphate in natural waters by FIA, MAFRL Method 4100 (MAFRL 2009b)), 
B, Al, Zn, Fe, Mn, Ca, Mg, K, and Na (Determination of total recoverable elements in 
biological tissue by ICP-AES, MAFRL Method: ICP 003 Varian (Vista AX) ICP-AES 
CCD Simultaneous Standards Australia, McDaniel W., 1991, Method 200.3: Sample 
Preparation Procedure for Spectrochemical Determination of Total Recoverable 
Elements in Biological Tissues, Revision 1.0, U.S. Environmental Protection Agency, 
Ohio (MAFRL 2009a)). 
2.7.6  Field growth media water content measurements 
  A semi-permanent monitoring system was established, consisting of 20 access 
tubes at the Kwinana RDA experimental sites for repeated water content measurements 
over time.  Figure 2.8 shows the arrangement of the access tubes in the treatment plots.  
Growth media profile water content was monitored with a Diviner 2000 capacitance 
probe (Sentek sensor technologies, Stepney, South Australia).   
 
Figure 2.8. Location of access tubes for growth media water content monitoring 







Access tubes =  
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  The Sentek Diviner 2000 comes with a default calibration derived from sand, 
sandy loam and potting soil that is used for relative differences in soil water content.  
To ensure that data can be used from measurements taken on days with differing 
weather (i.e. humidity, temperature) the probe is normalized before each use.  This is 
done by taking raw data at end points, in air and in water, to scale the frequency (SF) to 
normalize the data (Sentek 2003).   
 
SF =   









fa = raw data in air 
fw = raw data in water 
fs = raw data point in soil 
 
2.7.6.1  Installation of access tubes 
  In October 2006, four PVC tubes where installed per treatment.  Installation 
procedure, in full detail, is provided by Sentek sensor technologies, Stepney, South 
Australia (Sentek 2003).  In short, a leveled tripod (~ 1 m high and 1.2 m across the 
base) was used to pilot a 2 m long PVC tube (48 mm inside diameter) with a specialized 
auger (47 mm outside diameter), which snuggly fits inside the PVC tube (Figure 2.9).  
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Figure 2.9. Installing the Diviner 2000 access tubes with tripod setup used for the 
material extraction and accurate tube installation. 
   
 
The growth media was extracted with the auger, in 20 cm increments, beneath the PVC 
tube.  The PVC tube was installed in stages after each 20 cm extraction of growth 
media.  Usage of the leveled tripod ensured exact boring of the access hole to keep 
contact between the PVC tube and the growth media along the entire profile, as gaps 
may cause erroneous readings in the moisture probe (Figure 2.10).   
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Figure 2.10. Exact boring for the Diviner 2000 access tube. 
 
  The access hole was bored to 2 m depth, in 20 cm increments.  Installed access 
tubes then received a bung, which is positioned at approximately 1.85 m depth and 
fitted to block any water from infiltrating the tube from below.  To limit contamination 
from precipitation or deposition from above, each tube was fitted with a bore screw cap 
for easy access.  Each access tube was then assigned a number for data collection.    
 
2.7.6.2  Sampling and data collection 
  Water content measurements were in 10 cm increments to a depth of 1.6 m.  
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Table 2.5. Dates of water content measurements in bauxite residue fines 
treatments at the Kwinana RDA site using a Diviner 2000 capacitance probe.  
2007 Sampling Dates  2008 Sampling Dates 
2007-02-27  2008-01-25 
2007-03-27  2008-03-28 
2007-04-27  2008-04-29 
2007-05-25  2008-07-11 
2007-07-13  2008-08-08 
2007-07-20  2008-08-29 
2007-07-27  2008-09-29 
2007-08-03  2008-01-25 
2007-08-10  2008-03-28 
2007-08-17  2008-04-29 
2007-08-24  2008-07-11 
2007-09-07  2008-08-08 
2007-09-14  2008-08-29 
2007-09-21  2008-09-29 
2007-09-28   
2007-10-05   
2007-10-12   
2007-10-18   
2007-10-25   
2007-12-12   
 
2.8  Experiment 3.  Germination and emergence of Acacia saligna in altered 
bauxite residue materials: part 1 and 2. 
2.9  Purpose and background 
  During a pilot study prior to Experiment 1, differences in the emergence rates of 
Acacia saligna seedlings between fines treatments were noted.  Treatments with higher 
percentages of fines additions tended to have fewer or even no seedlings emerge, even 
two weeks after planting of seeds.  It was hypothesized this was due to higher 
concentrations of salts, particularly Na, due to the additions of residue fines.   
  This experiment was developed to determine too what extent different residue 
fines treatments affect germination and emergence of a native species used in Alcoa’s 
broadcast seed mix: Acacia saligna and what salt concentrations cause a significant loss 
of emergence.    
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2.10  Experimental setup  
  The experiment was conducted in two parts, referred to as Part 1 and Part 2.  
Part 1 was begun on April 10
th, 2007 and completed on May 24
th, while part 2 was 
begun on September 5
th, 2007 and completed on October 19
th, 2007. 
2.10.1  Treatments 
  Growth media treatments included: a triple acid washed inert sand, five residue 
sand treatments containing varying concentrations of salts and 15 residue fines addition 
treatments (Table 2.6).  Three pretreatments of residue fines were used: seawater-
washed, carbonated and unaltered fines.  Residue fines were added on a w/w basis.   
Table 2.6. Bauxite residue treatments assessed for germination and emergence of 
Acacia saligna.   









-1)  Study Part 
Inert Sand  0  0  0  0.02  1 and 2 
Residue Sand  0  0  0  1.15  2 
Residue Sand  0  1  0  1.64  1 and 2 
Residue Sand  0  1  4/5 original  1.53  2 
Residue Sand  0  1  3/5 original  1.18  2 
Residue Sand  0  1  2/5 original  0.67  2 
Seawater fines  3  1  0  3.20  2 
Seawater fines  5  1  0  2.67  1 
Seawater fines  8  1  0  4.39  2 
Seawater fines  10  1  0  4.36  1 
Seawater fines  20  1  0  8.49  1 
Carbonated fines  3  1  0  2.18  2 
Carbonated fines  5  1  0  2.90  1 
Carbonated fines  8  1  0  2.54  2 
Carbonated fines  10  1  0  2.68  1 
Carbonated fines  20  1  0  3.23  1 
Unaltered fines  3  1  0  2.12  2 
Unaltered fines  5  1  0  3.22  1 
Unaltered fines  8  1  0  2.51  2 
Unaltered fines  10  1  0  3.17  1 
Unaltered fines  20  1  0  3.94  1 
 
For explanations to pretreatments (i.e. seawater-washing and carbonation) of residue 
fines refer to Section 2.4.1.   
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2.10.2  Propagation trays 
  In each part, the setup was similar with each replicate having three propagation 
trays with a total of 512 cells; each cell was approximately 3 cm
3 in volume (Premium 
Plastic, Wangara, WA).  Each tray was divided into four - 100 cell sections, and each 
cell was filled with approximately 4.5 grams of the appropriate treatment growth media.  
This allowed for up to twelve treatments of 100 seeds per replicate.  Two replicates 
were completed simultaneously during each part.  This resulted in a total of two 
replicates using six propagation trays and 200 seeds per treatment being evaluated, with 
a total of 2200 or 2400 seeds, for part 1 and part 2 respectively.  In both parts, the 
treatments inert sand and residue sand were repeated for comparison, and thus they 
were evaluated for 400 seeds each. 
2.10.3  Seed handling 
  Seeds for part 1 and 2 were collected at the same time from seed stocks of Alcoa 
World Alumina Australia.  Seeds were kept cool and dry in a dark storage until planted.  
Acacia saligna seeds were pretreated by boiling in distilled water for 30 seconds (Bell 
1999a) in two allotments.  Seeds from each allotment were immediately removed and 
placed onto and covered by damp paper towels and kept moist until all seeds were 
planted into growth media over roughly 12 hours.  Both allotments of A. saligna seeds 
were planted within 48 hours of each other.  Seeds of A. saligna were planted into all 
treatment mixtures to a depth of approximately one centimetre. 
2.10.4  Watering and emergence counts 
  Planted seeds were allowed 45 days to germinate and emerge in a constant 
temperature room set at 25 °C on a 12 hour light schedule.  All treatments were hand 
watered daily to keep the small portions of growth media and seeds moist.  This 
required approximately 1.25 mls of distilled water per cell, per day.  In part 1, emerged  
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seedlings were counted each day, but for part 2, it was considered sufficient to count 
emerged seedlings every two days.  A seedling was determined “emerged” as soon as 
any visible green material was found to be protruding from the growth media surface in 
the individual cell. 
2.10.5  Categorizing non-emerged seeds 
  After 45 days, the non-emerged seeds were excavated and each seed was 
categorized into: germinated (but not emerged), imbibed, rotten, or non-active but 
viable.  These categorizes were defined as follows: 
  Germinated – obvious penetration of the seed coat by the cotyledon with green 
healthy plant material visible. 
  Imbibed - Swollen seed with softened seed coat, when pressed between finger 
and thumb green solid material will protrude. 
  Rotten – Soft seed coat with either nothing in it, or when pressed between finger 
and thumb soft unconsolidated material of brown or grey color is produced. 
  Non-active, but viable – Intact seed coat with no visible signs of swelling or 
damage and the seed is firm when pressed between finger and thumb. 
2.10.6  Part 1 
  In the initial emergence and germination study, treatments were inert sand, 
residue sand (with 2 % w/w phosphogypsum), and fines additions of 5, 10, 20 % (w/w) 
for each fines treatment.  This allowed for emergence in a control (inert sand) to be 
established, along with the current rehabilitation practice (residue sand with 
phosphogypsum) and a wide range of fines additions.    
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2.10.7  Part 2 
  In the second portion, the experiment was expanded to include: residue sand 
with no phosphogypsum addition, three leached residue sands, 3 and 8 % fines 
additions.  To ensure conditions were not significantly different between the two parts, 
an inert sand and residue sand (with phosphogypsum) were repeated in part 2.  
  Leaching of residue sand to 4/5, 3/5, 2/5 of initial EC was done in PVC columns 
25 cm high and 10 cm in diameter.  Two kg of residue sand material was placed in each 
leaching column and distilled water was added in estimated quantities necessary to 
achieve desired EC levels.  Materials were subsequently removed and oven dried at 60 
°C for > 24 hour.  Materials were thoroughly mixed and EC measurements were taken 
on five sub-samples of the materials (Rayment and Higginson 1992) to ensure 
appropriate EC levels. 
2.10.8  Extractable bases (Ca, Mg, K and Na), pH and EC   
  Subsamples of the growth media (n = 3 per treatment) were collected for 
analysis prior to seeds being sown (initial) and after the completion of the 45 day 
experiment (final).  Initial and final samplings were analyzed for extractable bases 
extracted with alcoholic 1M ammonium chloride at pH 8.5 (Section 2.13.2.2 for details 
of extraction), without pre-washing for soluble salts (Rayment and Higginson 1992).  
Leaching and extraction was done in an especially designed leaching rack (see Section 
2.13.2.1) and analysis of extractant for Ca, Mg, K and Na was completed by the Marine 
and Freshwater Research Laboratory (MAFRL) (Determination of elements in waters 
and other appropriate solutions by ICP-AES, MAFRL Method: ICP 001,Varian (Vista 
AX) ICP-AES CCD Simultaneous, ISO 15587-1:2002 (MAFRL 2009a)) at Murdoch 
University.  Electrical conductivity and pH (1:5) were also completed (Rayment and 
Higginson 1992).  
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2.11  Experiment 4.  Mobility of cations (Ca, Mg, K, Na) in altered bauxite residue 
fines treatments: column leaching study. 
2.12  Purpose and background 
  Concentrations of cations (Ca, Mg, K, Na) in growth media measured in 
Experiment 1 were found to be significantly different, and this was also reflected in 
concentrations in whole plant nutrients of Acacia saligna.  This was hypothesized to be 
due to the additions of fines.   
  This experiment was developed to determine if significantly greater 
concentrations of Ca, Mg, K, and Na occurred in treatments with residue fines 
additions.  In addition, it was wished to assess the movement of these cations and if the 
cations were retained to a significantly greater extent with the fines additions.     
2.13  Column leaching study experimental setup  
  The experiment was undertaken in a glasshouse at Murdoch University from 
August 12
th, 2007 until October 16
th, 2007.  Residue treatments included: residue sand, 
residue sand with 3 and 8 % (w/w) seawater treated fines added, 3 and 8 % carbonated 
fines, 3 and 8 % unaltered fines.  All treatments received 2 % (w/w) phosphogypsum 
and 8 g of granulated inorganic fertilizer (Table 2.2).  Each of the seven treatments was 
replicated four times for a total of 28 columns. 
2.13.1  Column preparation 
  Residue materials for packing into the columns were prepared as outlined in 
“Section 2.4.1 - 2.4.2”.  Columns were constructed using 50 cm long by 13 cm diameter 
PVC pipe (Figure 2.11).  Column PVC pipe was split vertically (cut in half), water 
proof taped back together and secured with an end cap at the bottom, and a worm clamp 
~ 10 cm from the top.  The end cap contained a drainage hole covered with mesh and a  
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hose for leachate collection, was filled with 800 g of triple washed quartz sand (2 - 1.4 
mm).  Columns were then triple pre-washed with distilled water to leach any 
contamination prior to inserting residue materials. 
 
Figure 2.11. Generalized construction of bauxite residue fines treatment columns 
used in the column leaching study. 
   
Treatment components (residue sand, fines, phosphogypsum and fertilizer) were 
weighed out (w/w basis) and mixed per column, in a concrete mixer for ten minutes to 
homogenize mixtures (12.2 kg materials).  Treatments were poured into columns, and 
the columns were dropped from a height of 10 cm, 10 times to standardize bulk density 
of columns.  All weights of treatment materials were recorded for use in calibrating 
field capacity for each column.   
2.13.1.1 Wetting to field capacity 
  Increments of 250 ml of distilled water were added to columns, over 5 days to 
allow capillary flow of water into pore spaces, in an attempt to limit preferential flow 
within columns.  Exact amounts of water added were recorded and used to calibrate 
field capacities for each column.  Columns were covered with plastic bags and rubber 
Plastic cover w rubber 
bands 
Sand 
Solution sampler 5 cm 
Solution sampler 10 cm 
Solution sampler 25 cm 
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bands to limit any evaporation and plastic cover wrap was placed over and around 
drainage tubes and leachate containers.   
2.13.1.2 Growth media solution samplers 
  Porous glass fiber epoxy wire 19.21.21 Rhizon MOM solution samplers 
(Rhizosphere Research Products, Netherlands) were installed at 5, 10 and 25 cm below 
the soil surface (Figure 2.12).   
 
Figure 2.12. Growth media solution sampler installation in PVC columns 
containing bauxite residue fines treatments at 5, 10 and 25 cm below growth media 
surface. 
 
This was done by drilling a 2 mm hole through the assembled PVC column at the 
specified depth, and “molding” a sampler space with a 10 cm long and 2 mm diameter 
rigid rod.  Within this space the solution sampler was gently inserted, being cautious not 
to damage the fragile casing of the sampler.  Once the sampler was confidently in place, 
a small amount of silicon sealant was dressed around the exterior of the sampler at the 
PVC, and a needle placed onto the solution hose.  
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  During sampling, 2 - 10 ml samples were extracted into vacuum vials, which 
extracted solution from the growth media through the porous casing of the sampler.  
Samples were than transferred from the vacuum tubes to 30 ml plastic vials and 
analyzed. 
2.13.1.3 Leachate collection 
  Leachate was collected in a 250 ml plastic bottle, from the drainage hose 
connected to the end cap of each column.  Leachate was screened within the column by 
800 g of quartz sand (2 - 1.4 mm particle size) within the end cap, and then a cotton 
wool plug, at the drainage tap prior to exiting the drainage hose.  Leachate was 
collected and stored in the 250 ml bottles for immediate analysis. 
2.13.1.4 Sampling regime 
  Increments of 1/6 of a pore volume were added to columns every three days, to 
produce leachate in a stepwise fashion, over three pore volumes resulting in 18 sample 
sets.  During each sampling, solution samplers extracted growth media solution 
resulting in three depths per column, and 84 growth media solution samples per set.  At 
each depth, 20 ml of growth media solution was extracted, per sampling.  Leachate was 
collected the day following solution sampling to allow for complete leaching of the pore 
volume increment.  In total, 112 samples (84 solution + 28 leachates) were produced, 
per sample set, for a total of 2016 samples, throughout the experiment.  Sample sets 
were analyzed for Ca, Mg, K and Na (Determination of elements in waters and other 
appropriate solutions by ICP-AES, MAFRL Method: ICP 001,Varian (Vista AX) ICP-
AES CCD Simultaneous, ISO 15587-1:2002 (MAFRL 2009a)) by the Marine and 
Freshwater Research Laboratory (MAFRL) at Murdoch University.  Electrical 
conductivity and pH was measured using a TPS WP-81 pH-Cond-Salinity probe 
(Rayment and Higginson 1992).  
  52 
2.13.2  Extractable and exchangeable base cation extractions 
  After packing each column, a sample of the growth media was collected for 
analysis (i.e. initial conditions assuming a homogeneous profile).  After the completion 
of the experiment, columns were split vertically and the growth media was sampled (i.e. 
final conditions) in depth increments of 0 - 5, 5 - 10, 10 - 25 and 25 - 40 cm.  Samples 
were placed into large brown paper bags and allowed to dry at room temperature for 
three days.  Samples were homogenized and stored in plastic bags, in the dark until 
analyzed.  Initial samplings and each depth increment of the final sampling was 
analyzed for exchangeable bases extracted with alcoholic 1M ammonium chloride at pH 
8.5 (procedure 15c1), both with and without pre-washing for soluble salts (Rayment and 
Higginson 1992).  Leaching and extraction was done in an especially designed leaching 
rack (see section 2.13.2.1) and analysis of extractant for Ca, Mg, K and Na 
(Determination of elements in waters and other appropriate solutions by ICP-AES, 
MAFRL Method: ICP 001,Varian (Vista AX) ICP-AES CCD Simultaneous, ISO 
15587-1:2002 (MAFRL 2009a)) was completed by the Marine and Freshwater Research 
Laboratory (MAFRL) at Murdoch University.     
2.13.2.1 Leaching column rack construction 
  Leaching column racks were constructed, which were inspired by a similar 
method outlined in chapter 15 Ion-Exchange Properties on pg. 151 (Rayment and 
Higginson 1992).  In summary, leaching column racks were constructed with Nylex 
small tote boxes TB001WH (Nylex, Australia), which had inside dimensions of 
approximately 29.3 cm x 39.0 cm x 11.8 cm deep and two lids per rack.  Holes in the 
upper lid, 1.8 cm in diameter, which were spaced approximately 4 cm on centre in a 
grid pattern, were drilled to accommodate the upper end of 54 - 15 ml test tubes.  In the 
bottom lid, holes 1 cm in diameter were drilled, at the same spacing, to rest the conical  
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end of the test tubes. Two lids were spaced and attached with threaded rods of 120 mm 
with a 7 mm diameter using wing nuts and hex head bolts (Figure 2.13). 
 
Figure 2.13. Hole spacing in lids and the alignment of treaded bolts for 
construction of leaching columns racks.   
   
This distance allows for the two lids to cradle the test tubes while the tapered ends 
protrude approximately 1.5 cm through the bottom lid.  In the box, 54 - 120 ml plastic 
vials (Sarstedt, Australia) are staggered underneath the leaching columns).  Holes of 1 
mm were drilled into the tips of each leaching column. 
2.13.2.2 Leaching soluble salts and extracting exchangeable bases 
  Leaching columns are prepared by lightly packing cotton wool into the tapered 
end of 15 ml test tubes, followed by 2 mm of acid washed, triple rinsed quartz sand 
(particle size 0.05 – 0.250 mm) (Rayment and Higginson 1992).  Leaching columns and 
120 ml vials were prepared by leaching with 10 ml 0.5 M HNO3 and rinsing with 10 ml 
distilled water, which was then discarded.  Air - dried soil (2.5 g) was added to the 
leaching columns and covered with an additional 2 mm of acid washed quartz sand.   
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Each 120 ml vial then received 40 ml of 0.5 M HCl.  Columns were then leached with 
50 ml alcoholic 1 M NH4Cl to extract extractable bases.  Vials were removed and 
placed in a fume hood for 48 hours at approximately 25 °C to evaporate the ethanol 
content.  Vials were than made to 100 ml with distilled water and analysis of extractant 
for Ca, Mg, K and Na (Determination of elements in waters and other appropriate 
solutions by ICP-AES, MAFRL Method: ICP 001,Varian (Vista AX) ICP-AES CCD 
Simultaneous, ISO 15587-1:2002 (MAFRL 2009a)) was completed by the Marine and 
Freshwater Research Laboratory (MAFRL) at Murdoch University.       
   Exchangeable bases, with prewashing of salts, were determined in a similar 
manner.  But, soluble salts were removed by leaching with 12.5 ml 60 % aqueous 
ethanol and rinsed with 12.5 ml aqueous glycerol, which was then discarded from the 
120 ml vials, prior to extraction with 50 ml alcoholic 1 M NH4Cl. 
2.13.3  Soluble cations from saturated paste 
  Soluble cations were analyzed from saturate paste extracts (Rayment and 
Higginson 1992).  Growth media samples of 125 g were saturated with 28 ml DI water 
for the sands (control), 29 ml for 3 % fines additions and 30 ml for 8 % fines additions.  
Samples were allowed to equilibrate for > 16 hours at room temperature in sealed 
plastic containers.  Samples were extracted with a vacuum filtration using a Buchner 
funnel and 500 ml flask.  Whatman No. 42 filters were used to remove solid particles 
and analysis of extractant for Ca, Mg, K and Na (Determination of elements in waters 
and other appropriate solutions by ICP-AES, MAFRL Method: ICP 001,Varian (Vista 
AX) ICP-AES CCD Simultaneous, ISO 15587-1:2002 (MAFRL 2009a)) was completed 
by the Marine and Freshwater Research Laboratory (MAFRL) at Murdoch University.         
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2.13.4  Electrical conductivity and pH 
2.13.4.1 Growth media materials 
  Electrical conductivity and pH (1:5) (Rayment and Higginson 1992) was 
measured on all initial and final (four depths) growth media samples.  A total of 28 
initial samples and 112 final samples were measured.   
2.13.4.2 Growth media solution and leachate 
  Electrical conductivity and pH was directly measured on growth media solution 
and leachate after they were analyzed for exchangeable bases.  All 504 leachate samples 
were measured for EC and pH.  Growth media solutions were measured for EC and pH 
for sets 1-10, 12, 14, 16 and 18 for a total of 1176 solution samples.  Each set represents 
a 1/6 pore volume increment. 
2.13.5  Water retention characteristics 
  Water retention characteristics (Dane and Hopmans 2002) at - 0.01, - 0.033 and 
- 1.5 MPa matric potential were determined for water content of the growth media 
sampled at 25 - 40 cm depth, in a porous pressure plate extractor chamber system (Soil 
Moisture Equipment; Santa Barbara, California), in the same manner as described for 
Experiment 1 (Section 2.4.4.3). 
2.14  Statistics 
  All statistical analysis was performed using SPSS version 14.0.  Analysis of 
variance between variable means was completed using univariate general linear models 
or One-way ANOVA, with treatment means tested by tukey’s post hoc test, significance 
value set at P < 0.05.  Homogeneity of variances of the dependent variable across the 
included treatments was tested by the Levene’s test of Equality of Error variance.      
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  Simple regression analysis was used to determine relationships between 
variables, with a significance level required at P value < 0.05.  Correlations of goodness 
of fit for the regression analysis are represented as the r
2 value.   
  Bivariate correlations were utilized to determine correlation coefficients of 
individual relationships between multiple variables with the Pearson’s correlation 
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Chapter 3  Plant Available Water 
3.1  Introduction   
     Low water holding capacity of bauxite residue sands is a major constraint to 
establishing and supporting a sustainable vegetative community (Wehr et al. 2006).  
The Mediterranean climate of southwest Western Australia has a mean maximum 
temperature of ~ 24.0 °C, an annual average rainfall of ~ 800 mm (75 % of which 
occurs during May - September), and a mean annual evaporation of ~1700 mm, with the 
highest rates of evaporation occurring between October – March (Bureau 2009).  Thus 
any improvement in plant available water (PAW), arising from a change in texture, will 
greatly benefit plant growth in this seasonally drought climate.  Rehabilitation of RDAs 
in Western Australia relies on a 2 – 3 m capping residue sand layer to support the 
desired vegetative community.  Not only is it important that this 2 – 3 m layer is capable 
of storing adequate PAW, it must also limit deep drainage into the fines storage below 
in order to facilitate management of the RDA water balance. 
  A previous study has determined water retention properties of seawater treated 
bauxite residues in the laboratory (Buchanan 2006), but no research has been published 
on water retention characteristics of carbonated or unaltered sand / fines mixtures.  
Published data on water retention and subsequent deep drainage on a field scale for 
bauxite residue fine / sand mixtures are scarce.   
  To understand plant available water (PAW) in soils it is necessary to measure 
water retention characteristics.  Water moves in a soil matrix due to differences in 
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Water potential is the sum of four major components (Kirkham 2005): 
p s g m w           
where: 
Ψw = total soil water potential 
Ψm = matric potential 
Ψg = gravitational potential 
Ψs = solute potential (osmotic) 
Ψp = pressure potential 
  Matric potential is the attraction of water to the surfaces of soil materials.  As 
water content declines, absorption of water molecules onto particle surface becomes 
dominant (Kirkham 2005).  Matric potential is measured as negative values because it 
reduces the free energy of water (Marshall et al. 1996).  Gravitational potential results 
from the mass of water being pulled down from gravity.  Solute potential is energy 
associated with attraction of water to solutes in the soil solution.  This potential is 
commonly referred to as osmotic potential.  Osmotic potential for dilute solutions is 
related to concentrations of single ion species solutes by the formula (Jury and Horton 
2004):   
Π = CsRT 
where: 
Π = osmotic potential (J m
-3) 
Cs = concentration of solutes (M m
-3) 
R = universal gas constant (8.32 J M
-1 K
-1) 
T = temperature (K) 
In circumstances where chemical speciation of ions in a soil solution is not known, it is 
possible to estimate osmotic potential from electrical conductivity values taken from 
saturated paste extracts (Larcher 2001).  Electrical conductivity and osmotic potentials  
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are linearly proportional with - 0.036 MPa = 1 dS m
-1 ECse.  This relationship is 
accurate for a simple NaCl system, but is only an estimate for soils containing other 
salts (Larcher 2001). 
  Pressure potential is energy resulting from the water weight from above the 
measured point or due to gas pressure within the soil matrix.  Pressure potential energy 
can also be exerted in swelling clay soils.  This is energy exerted on soil water by the 
weight of the overlying solid materials that are not in complete contact with each other 
in the soil matrix (Jury and Horton 2004).  In non-saline soils, unsaturated flow is 
dominated by matric and gravitational potential, while saturated flow is dominated by 
pressure and gravitational potential. 
  Exchangeable cation concentrations in soil may affect both solute potential and 
matric potential.  Application of phosphogypsum to a soil as an amendment is a 
common example of introducing cations to a system, and thus changing the solute 
concentration.  Additionally, this may affect matric potential.  Additions of cations to 
remove Na from exchange sites on clays can alter surface charges, and thus the 
structure of soils through flocculation (Jury and Horton 2004).  Additions of Na to a soil 
containing clays can have the opposite effect where dispersion of clays occurs due to 
alteration of surface charges (Marshall et al. 1996). 
  Water moves from a higher potential towards a lower (more negative) potential.  
A plant exerts an energy potential, due to the cohesion of water molecules as they travel 
through cell membranes in the roots, up through the stem and are lost to evaporation at 
the stomata.  Typically plants have a more negative potential than the soil water 
potential (matric, gravitational, solute and pressure) and are able to extract water from 
the soil matrix.  Generically plants are considered to be able to exert enough energy 
potential to extract water from up to - 1.5 MPa (wilting point).  To understand PAW in 
a soil matrix, it is necessary to be able to measure the water retention characteristics of  
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the soil.  Water contents can be measured at energy potentials and these can be used to 
develop the soil water retention characteristics. 
  Water content in soil is measured as gravimetric water content on a weight to 
weight basis (kg/kg) (Lal and Shukla 2004). 






   
where: 
Mw = mass of water 
Ms = mass of oven dried soil 
This information is more useful reported as volumetric water content (m
3m
-3) so total 
volume of water lost or added to the soil (as rainfall or irrigation) can be calculated.  







   
where: 
Vw = volume of water 
Va = volume of air 
Vs = volume of solids 






   
where: 
ρb = bulk density of soil 
ρw = bulk density of water (1.0 Mg m
-3) 
  Plant available water is defined as the difference between the water content of 
soil at field capacity and water content of soil at wilting point (Kirkham 2005).  There  
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are two general ways to measure water retention characteristics: wetting or drying 
(draining) curves.  It is important to distinguish which technique was used to determine 
the soil water retention characteristic, because a soil draining will exhibit higher water 
contents than a soil which is wetting (i.e. rising water table).  This effect is called 
hysteresis (Kirkham 2005).  Hysteresis occurs because as a soil drains, smaller pores 
conductive above large pores will have greater water tension, thus holding the water 
temporarily between the pore interspaces after the water table has dropped, due to 
capillarity effects.  This is referred to as the “ink-bottle effect” (Lal and Shukla 2004).  
During a wetting event from below, the water must fill the large pores entirely before 
they can be drawn into and fill the smaller pores.  Thus water content is greater during 
the draining (drying) phase.  
  Field capacity is generally regarded as water held in a soil profile against gravity 
when downward drainage has markedly decreased (Kirkham 2005).  It is important 
however, to remember that equilibrium is never reached in a soil under natural 
conditions (Rose 2004).  This is can be attributed to a number of factors that influence 
field capacity including (Kirkham 2005): 
1)  Previous wetting history - drying vs. wetting (hysteresis) 
2)  Soil texture and structure  
3)  Type of clay - 2:1 clays release water slower due to adsorption of water  
4)  Organic matter 
5)  Temperature - increased temperature decreases viscosity of water 
6)  Depth to water table  
7)  Depth of wetting 
8)  Presence of impeding layers (i.e. hardpans) 
9)  Evapotranspiration  
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All of these factors have to be considered when determining the usefulness of field 
capacity measurements.  Commonly in laboratory settings, field capacity is measured in 
a pressure plate chamber system at - 0.033 MPa matric potential for most soils 
(including heavy textured), although coarse sands or light textured soils may be better 
represented at - 0.01 MPa matric potential (Cassell and Nielsen 1986). 
  Wilting point is reached when a given plant is unable to extract solution from its 
surrounding soil matrix, thus resulting in the plant wilting.  Wilting point of soil is 
generally regarded as corresponding to - 1.5 MPa of water potential as measured in a 
laboratory pressure plate system.  However in semi arid and arid regions, many plants 
have adapted to be able to withdraw water from the soil at potentials much lower than - 
1.5 MPa (Kirkham 2005).  
  Plant available water, as discussed in this thesis, was measured in two ways.  
Either the volumetric water content at - 0.01 MPa of matric potential minus the water 
content at – 1.5 MPa matric potential, which will be referred to as PAWlight or as the 
volumetric water content at – 0.033 MPa matric potential minus the water content at – 
1.5 MPa matric potential (PAWheavy). 
  Texture, soil structure, organic matter and type of clay minerals dictate the 
ability of a soil to retain water (Marshall et al. 1996).  Due to the inherent lack of 
organic matter in bauxite residues after alumina extraction by the Bayer process, and the 
complete lack of structure within the freshly deposited residue sands, texture is the main 
variable affecting water retention in these systems.   
  Increasing the water retention of the capping layer sands for the long term 
requires an alteration of the soil texture.  We hypothesize that only a small proportion of 
fines are required to improve the water retention characteristics.  To alter the bauxite 
sand (~ 92 % sand) to a sandy loam texture class there needs to be an increase of 7 - 22 
% of silts and clays (0.060 - 0.002 mm size particles) based on USDA texture  
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classification.  Increasing the residue fines content (< 0.060 mm size particles) by only 
7 - 8 % will increase meso- and micropore spaces and thus increase water holding 
capacity.  Increased water retention occurs because the additions of fines to sands 
decreases the macropores (> 0.060 mm diameter), which tend to be air filled at water 
contents less than field capacity, and increases the meso- (0.002 - 0.060 mm dia.) and 
micropores (< 0.002 mm dia.) which retain water through capillary tension.  Water 
retained in mesopores is considered PAW.  Water in micropores is considered 
unavailable to plants, but this storage may still be significant in the overall water 
balance of the 2 – 3 m capping layer on the RDA. 
  A recent study on seawater residues materials, evaluated PAW content for a 
range of silt and clay additions (Buchanan 2006).  Although this study did not assess 
carbonated or unaltered fines, the researcher found PAW content was not significantly 
improved with less than a 39 % addition of a residue clay mixture or 62 % addition of 
silt.  These results suggest that large proportions of fines need to be added to alter water 
retention, but this may be inflated as the seawater treatments only covered additions of: 
15, 29 or 62 % silt and 9, 19, 39, 100 % seawater treated clay.  More intermediate 
additions may have provided significant results.  Additionally, all water retention 
characteristic curves were determined for seawater treatment materials that were either 
tillage simulated (puddle or crushed) or based on wetting/drying cycles, which would 
greatly affect pore space distributions compared to a more natural settling scenario such 
as deposition at an RDA. 
  Slight changes in the textural physical characteristic of the capping layer will 
produce a beneficial increase in PAW, based on research in agricultural soils, which has 
shown that additions of silts and clays to sands increase PAW capacity, and crop yield, 
even with small changes in pore space distribution (Noble et al. 2001; Croker et al. 
2004; Berthelsen et al. 2005; Soda et al. 2006; Suzuki et al. 2007).  A glasshouse study  
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assessing improvements in sand columns from additions of vertisol clay found PAW 
increased linearly with additions of vertisol clay amendments (De Lima et al. 1998).  
An increase from 0 to 20 % clay significantly increased PAW content from 0.02 to 0.06 
m
3 m
-3.  Rates of evaporation were found to increase with increasing clay additions and 
infiltration rates were found to decrease.  Infiltrations rates likely decreased, partially 
due to an alteration of pore space distribution, but the authors recognized that the 
swelling characteristics of the vertisol clay likely caused reduced hydraulic conductivity 
and possible crusting at the surface.  In a field study investigating improvement in water 
holding capacity and structural stability of sandy agricultural soils from additions of 
bentonite clays, researchers found significant increases in water holding capacity and 
soil structure stability even with small increases in fines (Suzuki et al. 2007).  Available 
water content increased from 0.14 to 0.19 m
3 m
-3, with only a 4 - 7 % increase in silt 
and clay content. 
  This chapter aims to answer the first overall research question posed: Does 
adding residue fines to residue sands increase plant available water? 
3.2  Materials and methods 
  Descriptions of residue materials used are detailed in Section 2.4.1 and 
descriptions of mixing and handling of materials are elaborated on in Section 2.4.4.  
Before directly measuring water retention characteristics on the different residue fines 
(unaltered, carbonated, seawater washed) treatments, particle size analysis was 
conducted on the separate residue sands and fines (Section 2.4.4.2).  Plant available 
water capacity was then measured with a series of different techniques to assess the 
impact of fines additions on water availability.  These techniques included using: a 
porous pressure plate chamber system (Section 2.4.4.3), glasshouse columns measuring 
field capacity against gravity (Section 2.13.1.1), and a series of access tubes to monitor 
water content in the field with a capacitance probe (Section 2.7.6).  Porous pressure  
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plate chamber methods allowed for exact measurements with a small amount of 
material (~ 50 g) to assess water potential under defined laboratory conditions.  The 
glasshouse studies determined water retention against gravity in a controlled setting 
using a larger (~ 12 kg) sample of materials in 50 cm high columns.  Profile water 
content measurements with a capacitance probe were used to assess differences in water 
storage on a field scale, while allowing for natural variability.   
3.2.1  Column field capacity 
  Column field capacity measurements were taken from Experiments 1 and 4 
which yielded accurate results of water retention against gravity for 0, 1, 2, 3, 5, 8, 10 
and 20 % fines (unaltered, carbonated, or seawater washed) additions treatments 
(Section 2.13.1.1).  In both experiments, columns were constructed in which all 
materials and weights were accounted for, so that accurate measurements of field “pot” 
capacity could be taken.   
3.2.2  Porous plate pressure chamber 
  Porous plate pressure chamber methods have been used for decades to estimate 
water content at different matric potentials (Marshall et al. 1996).  Soil water contents at 
- 0.01, - 0.033 and - 1.5 MPa matric potential (Cresswell 2002) were determined for the 
residue treatments (0, 1, 2, 3, 5, 10, 20 and 100 % w/w fines (unaltered, carbonated or 
seawater washed)), using a porous pressure plate extractor chamber system (Soil 
Moisture Equipment; Santa Barbara, California) (Section 2.4.4.3).  Plant available 
water, as discussed in this thesis, was measured in two ways.  Either the water content 
at - 0.01 MPa of matric potential minus the water content at – 1.5 MPa matric potential, 
which will be referred to as PAWlight or as the water content at – 0.033 MPa matric 
potential minus the water content at – 1.5 MPa matric potential (PAWheavy).   
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3.2.3  Field water content monitoring 
  A semi-permanent water content monitoring system was established consisting 
of 20 access tubes at the Kwinana RDA experimental site for repeated measurements 
over time in the control, 3 and 8 % carbonated and 3 and 8 % unaltered fines treatments 
(Section 2.7.6).  Water contents within the growth media profiles were monitored with a 
Diviner 2000 capacitance probe (Sentek sensor technologies, Stepney, South Australia) 
every 10 cm, by the probe, to a maximum depth of 160 cm.  Monitoring occurred over a 
20 month period.  Monthly measurements were conducted from February – June 2007; 
December 2007 – April 2008; July – September 2008.  Weekly measurements were 
taken from June – October 2007 (Table 2.5). 
3.3  Results 
3.3.1  Particle size analysis 
3.3.1.1  Sand 
  Two methods of gravitational sedimentation particle size analysis were 
compared for residue sands: pipette and hydrometer (Table 3.1).   
Table 3.1. Sand, silt and clay percentages in bauxite residue sands measured by 
pipette and hydrometer sedimentation methods for comparison.    
Sedimentation Method (Sands)  
Pipette (n = 10)  Hydrometer (n = 10)  Particle Size (µm) 
Mean (%)  SE  Range  Mean (%)  SE  Range 
Sand (2000 - 43)   98.6  0.05  0.60  96.3  0.07  0.58 
Silt (43 - 2)  0.75  0.07  0.60  0.60  0.24  2.00 
Clay (< 2)  0.62  0.05  0.52  2.00  0.11  1.00 
 
Sand made up ~ 98 % with ~ 1 % silt and ~ 1% clay in the bauxite sand materials.  
Results show that both methods had variability, although the pipette method was 
superior in its ability to measure amounts smaller than 1 % and proved more precise at 
these low silt and clay percentages.  Due to the lack of precision in the hydrometer  
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method, a mean negative value for the 5 - 2 µm particle size range resulted (Table 3.2). 
  Bauxite residue sand, which contains ~ 98 % sand, had a majority of the sand 
(88 %) in the particle size range of 1000 – 100 µm (Table 3.2).  Coarse sand (2000 – 
1000 µm) made up < 5 % and very fine sand the remaining ~ 7 %.  In total, 20 residue 
sand samples were analyzed and only a small amount of variation (coefficient of 
variance: 100 x (standard deviation / sample mean) = < 15 %) in sand particle sizes 
were found showing that overall the material was quite homogenous.  
 
Table 3.2. Particle size analysis of bauxite residue sand by pipette and hydrometer 
methods.   
Sedimentation Method (Sands) 
Pipette (n = 10)  Hydrometer (n = 10)  Particle Size (µm) 
Mean (%)  SE  Range  Mean (%)  SE  Range 
Very Coarse Sand  
(2000 - 1000)  3.65  0.17  1.62  3.96  0.15  1.51 
Coarse Sand (1000 - 500)  19.4  0.52  5.06  21.4  0.70  5.93 
Medium Sand (500 - 250)  30.2  0.24  2.39  31.0  0.24  2.22 
Fine Sand (250 - 100)  35.1  0.59  4.83  33.0  0.58  4.78 
Very Fine Sand (100 - 63)  6.49  0.29  3.02  6.03  0.31  2.75 
63 – 43  0.98  0.07  0.83  0.96  0.07  0.60 
43 – 20  2.79  0.28  2.54  1.08  0.23  1.80 
20 – 5  0.22  0.06  0.68  0.70  0.20  1.50 
5 – 2  0.53  0.07  0.64  -0.10  0.10  1.00 
Clay (< 2)  0.62  0.05  0.52  2.00  0.11  1.00 
 
 
  A particle size distribution curve was developed from data in Table 3.2 (Figure 
3.1).  Particle size distribution for the residue sand reflects a well graded sand (Gee and 
Or 2002).  
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Figure 3.1.  Particle size distribution curve for bauxite residue sand comparing 
pipette and hydrometer sedimentation methods. 
  An estimate of pore size distribution is possible using particle size distribution 
data.  Pore volumes of particle size ranges (Vpi) can be estimated using the relationship 
















Wi = fraction of solid mass (g g
-1)  
ρs = particle size density (assumed to be 2.65 g cm
-3) 
e = void ratio 















ρb = bulk density of soil   
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  Assuming uniform spherical particles, pore radius (ri) is related to particle radius 
(Ri) (Arya et al. 1999) by: 
          e R r i i 816 . 0   
Thus, pore volumes and pore radii can be calculated from the mean particle radius of a 
given particle size range, and a distribution of pore sizes can be estimated (Table 3.3).  
This pore size distribution data estimates that macropores (> 60 µm dia.), which tend to 
be air filled, made up over 96 % of the pore volume in residue sands.  Mesopores (60 – 
2 µm dia.) only make up 2.8 % and micropores (< 2 µm dia.) < 1 % of the pore volume. 
Table 3.3. Mean calculated pore size distribution of bauxite residue sand. 
Particle Size (µm)  Mass (g)  Pore Volume (cm
3)  Mean Particle  
Radius (µm) 




2000 – 1000  3.65  1.43  1500  1247  3.72 
1000 – 500  19.4  7.61  750  623  19.7 
500 – 250  30.2  11.9  375  311  30.8 
250 – 100   35.1  13.8  175  145  35.7 
100 – 63  6.49  2.54  79  65  6.61 
63 – 43   0.98  0.39  53  44  1.00 
43 – 20  1.02  0.40  32  26  1.04 
20 – 5  0.22  0.08  13  10  0.22 
5 – 2  0.53  0.21  3.5  3.0  0.54 
< 2  0.62  0.24  1.0  0.8  0.63 
Total  98.24  38.50      100.00 
 
3.3.1.2  Fines 
  Results of the particle size analysis for residue fines from the pipette and 
hydrometer sedimentation methods are shown in Table 3.4.  Residue fines were made 
up of 22 - 44 % sand, with 33 - 51 % silt and 21 - 25 % clay.  All fines had significantly 
different sand contents ranking as: seawater > unaltered > carbonated, as determined by 
either method.  Silt was not different between the carbonated and unaltered, but was less 
in the seawater fines.  Clay fraction portions were similar amongst fines treatments, 
although the carbonated fines had slightly greater clay than the unaltered, as determined 
by the pipette method.  
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Table 3.4. Sand, silt and clay percentages in bauxite residue fines measured by 
pipette and hydrometer sedimentation methods for comparison. 
Sedimentation Method (Fines) 
Pipette (n = 4)  Hydrometer (n = 4)   
Mean (%)  SE  Range  Mean (%)  SE  Range 
Sand  44.5*  0.67  2.00  35.3*  1.33  4.00 
Silt  33.2  0.56  1.92  37.5  1.26  6.00 
Seawater  
Fines 
Clay  22.3*  0.41  1.28  27.5*  0.50  2.00 
Sand  22.7*  0.33  1.44  15.5*  0.96  4.00 
Silt  51.7  1.16  5.44  52.5  0.50  2.00  Carbonated 
Fines 
Clay  25.7*  1.09  5.12  32.0*  0.82  4.00 
Sand  30.7*  0.52  2.32  24.5*  0.50  2.00 
Silt  48.4  0.58  2.48  46.0  0  0  Unaltered 
Fines 
Clay  21.0*  1.08  4.80  29.5*  0.50  2.00 
* Significantly different between methods within fines treatment at the P < 0.05 level 
 
  Pipette and hydrometer methods were not significantly different for the silt 
fraction, but the clay and sand fractions were.  Clay fractions were 5 - 8 % greater in the 
hydrometer method.  The 43 - 20 µm fractions were determined as the remaining weight 
after all other particle size fractions were accounted for.  This fraction was included as 
part of the sand fraction, thus increases in the clay fraction resulted in smaller overall 
sand fractions (Table 3.5).  As clay fractions were greater when determined by the 
hydrometer method, lower overall sand fractions resulted.    
  Bauxite residue fines were mainly equally divided amongst the particle size 
fractions of 43 - 20 (~ 15 %), 20 - 5 (~ 21 %), 5 - 2 (~ 25 %) and > 2 µm (~ 23 %) 
(Table 3.5).  Sand particles > 43 µm made up the remaining ~ 16 % of the fines 
materials.  Seawater treated fines had the greatest 2000 - 1000, 1000 - 500, 500 - 250, 
and 43 - 20 µm particle size fractions, while having smaller silt fractions compared to 
carbonated and unaltered fines.  Carbonated and unaltered fines had similar silt and clay 
fractions, but the unaltered fines had slightly greater 1000 - 63 µm particle size 
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Table 3.5. Particle size analysis of bauxite residue fines by pipette and hydrometer 
sedimentation methods for comparison. 
Sedimentation Method (Fines) 
Pipette (n = 4)  Hydrometer (n = 4) 
  Particle Size (µm) 
Mean  SE  Range  Mean  SE  Range 
Very Coarse Sand 
 (2000 - 1000)  3.35
 a  0.08  0.28  3.31
   0.09  0.28 
Coarse Sand  
(1000 - 500)  4.89  0.20  0.68  4.60  0.10  0.36 
Medium Sand  
(500 - 250)  3.25  0.12  0.38  3.15  0.18  0.62 
Fine Sand  
(250 - 100)  4.19  0.16  0.56  4.25  0.12  0.38 
Very Fine Sand  
(100 - 63)  4.23  0.07  0.24  4.29
b  0.06  0.20 
63 - 43  1.51  0.10  0.32  1.49
a  0.08  0.26 
43 - 20  23.1*  0.38  1.30  14.3*  1.56  5.24 
20 - 5  16.2
 a  0.50  1.68  18.5  1.50  6.00 
5 - 2  17.0
 a  0.08  0.24  19.0
a  0.58  2.00 
Seawater 
Fines 
Clay (< 2)  22.3*
ab  0.41  1.28  27.5*  0.50  2.00 
Very Coarse Sand 
 (2000 - 1000)  0.84  0.14  0.60  0.92
b  0.04  0.18 
Coarse Sand  
(1000 - 500)  2.16
 a  0.30  1.26  2.36
 a  0.12  0.56 
Medium Sand  
(500 - 250)  1.23
a  0.13  0.58  1.41
a  0.07  0.32 
Fine Sand  
(250 - 100) 
2.09
 a  0.17  0.70  2.43
a  0.10  0.46 
Very Fine Sand  
(100 - 63)  3.71
 a  0.14  0.64  4.14  0.05  0.22 
63 - 43  1.78  0.07  0.34  1.48  0.02  0.08 
43 - 20  10.8*
a  0.98  4.28  2.78*
a  1.15  4.76 
20 - 5  22.7  0.46  2.24  23.0
a  0.58  2.00 
5 - 2  29.0  0.96  4.56  29.5  0.50  2.00 
Carbonated 
Fines 
Clay (< 2)  25.7*
b  1.09  5.12  32.0*
a  0.82  4.00 
Very Coarse Sand  
(2000 - 1000)  0.56  0.04  0.14  0.59
a  0.03  0.14 
Coarse Sand  
(1000 - 500)  3.35
b  0.08  0.38  3.15
b  0.05  0.22 
Medium Sand  
(500 - 250)  2.58
b  0.07  0.30  2.45
b  0.04  0.16 
Fine Sand  
(250 - 100)  4.00  0.07  0.32  3.88
ab  0.09  0.40 
Very Fine Sand  
(100 - 63)  4.45  0.07  .30  4.56  0.04  0.18 
63 - 43  1.88  0.25  1.14  1.71
a  0.06  0.24 
43 - 20  13.9*
b  0.32  1.58  8.17*
b  0.48  2.06 
20 - 5  22.8  0.68  3.04  23.50
a  0.50  2.00 
5 - 2  25.6
b  0.25  1.20  22.50
b  0.50  2.00 
Unaltered 
Fines 
Clay (< 2)  21.0*
 a  1.08  4.80  29.50*
a  0.50  2.00 
* Significantly different between methods per fines treatment at the P < 0.05 level 
Fines means followed by the same letter are not significantly different, within method and amongst the same particle 
size, at the P > 0.05  
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A particle size distribution curve of the overall bauxite residue fines means is shown in 
Figure 2.3.  The particle size distribution curve of the bauxite residue fines reflects a 
typical clay texture class (Gee and Or 2002).   

























































Figure 3.2. Particle size distribution curve for bauxite residue fines comparing 
pipette and hydrometer sedimentation methods. 
 
Pore size distribution was estimated for the fines from the fines particle size distribution 
data (Table 3.6), in the same manner as the residue sands (Section 3.3.1.1 pg. 66).   
Table 3.6. Mean calculated pore size distribution of bauxite residue fines. 
Particle Size (µm)  Mass (g)  Pore Volume (cm
3)  Mean Particle  
Radius (µm) 




2000 – 1000  1.42  0.56  1500  1247  1.45 
1000 – 500  3.33  1.31  750  623  3.39 
500 – 250  2.27  0.89  375  311  2.31 
250 – 100   3.35  1.31  175  145  3.41 
100 – 63  4.12  1.61  79  65  4.19 
63 – 43   1.74  0.68  53  44  1.77 
43 – 20  15.3  5.99  32  26  15.6 
20 – 5  20.9  8.21  13  10  21.3 
5 – 2  24.5  9.59  3.5  3.0  24.9 
< 2  23.0  9.03  1.0  0.8  23.5 
Total  100.00  39.19      101.80 
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  This pore size distribution data estimates that macropores (> 60 µm dia.), which 
tend to be air filled, made up 15 % of the pore volume in residue fines, while mesopores 
(60 – 2 µm dia.) made up 64 % and micropores (< 2 µm dia.) 24 % of the pore volume. 
  Assuming homogenous mixtures, proportions of sand and overall mean fines 
particle sizes were used to estimate pore space categories (macro-, meso- and micro-) 
for fines addition treatments (1 - 20 % fines) (Table 3.7).  With an addition of 20 % 
fines to residue sand the macropores are estimated to decrease by 17 %, mesopores 
increase by > 400 % and micropores increase by > 700 %. 
 
Table 3.7. Estimated distribution of macro-, meso- and micropores in bauxite 
residue sand with residue fines additions. 
*Fines Addition (%)  Macropores (%)  Mesopores (%)  Micropores (%) 
0   96.6  2.80  0.63 
1   95.8  3.41  0.85 
2   94.9  4.01  1.08 
3   94.1  4.62  1.31 
5   92.5  5.82  1.76 
10  88.4  8.84  2.90 
20    80.3  14.9  5.18 
100    14.8  63.9  23.5 
*Calculations are based on an average of residue fines containing 15 % sand, 62 % silt and 23 % clay.  
 
  Using the same proportions of sand and overall mean fines (1 – 20 %) as listed 
in Table 3.6, particle size distribution curves for the bauxite residue fines additions 
treatments were also created (Figure 3.3).  These curves show graphically how the 
additions of fines increase the total percentage of particles amongst the 1 - 100 µm size 
range.  The area between the fines treatment curves in the range from 5 - 100 µm 
particle sizes is the theoretical difference in PAW due to increases in mesopore spaces. 
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Figure 3.3. Calculated particle size distribution curves for bauxite residue fines 
addition treatments.  Calculations are based on an average of residue fines 
containing 15 % sand, 62 % silt and 23 % clay. 
3.3.2  Estimated pore volumes from Experiment 1 
  Results of water holding capacity and bulk density for 12 kg columns used in 
Experiment 1 are shown in Table 3.8.  Increasing residue fines increased overall pot 
water holding capacity in bauxite residue treatments and decreased bulk density.  The 
term “pot” water holding capacity is used in this circumstance, due to the influence of 
the columns on drainage and the resulting inflation of water holding capacity results.  
This topic is further explored in the “Discussion” Section 3.4 pg. 93.  Water holding 
capacity ranged from 0.16 - 0.23 m
3 m
-3 and bulk density ranged from 1.14 - 1.37 Mg 
m
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Table 3.8. Bulk density and percentage volumetric water content of bauxite 
residue fines treatments in the Acacia saligna glasshouse column study.   
Seawater  Carbonated  Unaltered 
Fines 
























0   .  .  .  .  1.37  0.17 
1   1.35  0.16  1.35  0.16  1.28  0.15 
2   1.32  0.18  1.30  0.18  1.30  0.18 
3   1.39  0.19  1.34  0.18  1.34  0.18 
5   1.44  0.22  1.32  0.18  1.34  0.18 
10  1.30  0.21  1.29  0.20  1.32  0.21 
20   1.14*  0.21  1.24*  0.22  1.25  0.23 
Means (n = 3) are shown.   
* Significantly different from the control (0 %) at P < 0.05 
3.3.3  Pore volume verification from Experiment 4 
  In Experiment 4, four replicated columns were constructed for 0 % (control), 3 
% and 8 % fines additions for seawater, carbonated and unaltered fines treatments.  
Measurements of growth media weights and water retention showed that the pot water 
holding capacity ranged from 15.6 to 18.7 g 100 g
-1 (Table 3.9).   
Table 3.9. Gravimetric field capacity of bauxite residue fines treatments measured 
from the column leaching experiment.   
Seawater Fines  Carbonated Fines  Unaltered Fines  % 
Fines  Mean 
(g 100g
-1)  SE  Mean 
(g 100g
-1)  SE  Mean 
(g 100g
-1)  SE 
0 (Control)  .  .  .  .  17.1  0.56 
3   15.6  0.19  17.8  0.20  18.7  0.61 
8   16.4  0.29  17.6  0.22  17.9  0.37 
Values are sample means (n = 4) and standard error (SE) of means. 
3.3.4  Water retention characteristics from pressure plate chamber tests  
  Bulk density values in bauxite residue fines treatments used in a pressure plate 
chamber system ranged from 1.14 - 1.34 Mg m
-3, with no significant decreases until 20 
% fines or greater were added (Table 3.10). 
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Table 3.10. Bulk density and estimated porosity of bauxite residue fines 
treatments. 
Seawater  Carbonated  Unaltered 

















Mean  SE  Mean  Mean  SE  Mean  Mean  SE  Mean 
0  .  .  .  .  .  .  1.24  0.01  53 
1  1.23  0.04  53  1.23  0.02  54  1.29  0.02  51 
2  1.25  0.01  53  1.24  0.01  53  1.25  0.01  53 
3  1.18  0.03  55  1.28  0.01  52  1.25  0.02  53 
5  1.22  0.02  54  1.31  0.01  51  1.25  0.01  53 
8  1.20  0.02  54  1.22  0.00  54  1.22  0.01  54 
10  1.34  0.00  49  1.31  0.01  51  1.25  0.03  53 
20  1.14*  0.03  57  1.16*  0.04  56  1.22  0.03  54 
Values are means (n = 3) and standard error (SE) of means measured in 37 mm x 38 mm columns after measurements 
of water retention at – 1.5 MPa of matric potential.  
*Significantly different from the control (0 %) at P < 0.05 
 
Additions of 20 % seawater or carbonated fines resulted in significantly lower bulk 
densities than other treatments, but the unaltered 20 % treatment did not alter bulk 
density.  As porosity was estimated from bulk density, values follow the same trends.  
All treatments were estimated (porosity = 1 - (bulk density / particle density)) being 
approximately 50 % pore space, with 20 % fines additions being slightly increased. 
3.3.4.1  Volumetric water contents   
  Volumetric water contents at - 0.01 MPa matric potential varied from 11.04 % 
to 43.8 % (Table 3.11).  Water content increased with increases of fines additions, for 
all fines treatments compared to the control (0 %), within each matric potential 
measurement.  Results varied, with seawater fines containing more water than the 
control with 5 % or more additions, but the carbonated and unaltered treatments were 
not as consistent.  Carbonated fines additions of 3 % and more than 8 % had greater 
water content at the – 0.01 MPa matric potential than the control, although the 5 % was 
not.  Compared to the control, water content at – 0.01 MPa in unaltered fines additions 
of 8 %, or more than 20 % were increased, but not the unaltered 10 % fines addition.  
For the - 0.033 MPa matric potential measurement, seawater fines additions of 5 % and 
more than 10 % had significantly greater water content than the control.   
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Table 3.11. Volumetric water content (θv) for bauxite fines additions treatments 
measured at - 0.01, - 0.033 and - 1.5 MPa of matric potential. 
θv (%) at - 0.01 MPa  θv (%) at – 0.033 MPa  θv (%) at - 1.5 MPa  Fines 
Treatment 
Addition 
(%)  Mean  SE  Mean  SE  Mean  SE 
Control  0   11.50  0.41  8.28  0.27  5.86  0.17 
1   12.54  0.31  9.12  0.22  5.79  0.12 
2   13.32  0.73  10.14  0.65  6.30  0.09 
3   12.44  0.23  8.83  0.29  5.90  0.17 
5   14.74
d  0.38  11.07
d  0.27  6.83  0.07 
8   14.51
d  0.14  9.66  0.10  6.79  0.14 
10  19.15
bc  0.18  14.13
bc  0.29  8.81
c  0.06 
20   20.06
b  0.76  15.79
b  0.86  9.55
c  0.42 
Seawater 
100   43.61
a  0.23  37.74
a  0.10  21.06
b  0.14 
1   13.38  0.38  8.82  0.15  5.71  0.11 
2   13.59  0.29  9.36  0.16  6.07  0.11 
3   14.60
d  0.34  10.49  0.45  6.38  0.18 
5   13.37  0.04  10.91
d  0.15  7.59  0.11 
8   15.94
d  0.12  10.88
d  0.11  6.51  0.03 
10  15.48
d  0.44  12.95
cd  0.52  8.54  0.19 
20   16.72
c  0.45  14.06
bc  0.39  9.92
c  0.21 
Carbonated 
100   43.83
a  0.58  39.18
a  0.12  26.88
a  0.99 
1   11.29  0.07  8.60  0.13  6.33  0.09 
2   11.04  0.26  9.01  0.31  6.58  0.07 
3   12.85  0.49  9.32  0.18  6.40  0.34 
5   11.79  0.01  10.18  0.03  7.40  0.07 
8   15.83
d  0.32  10.70  0.26  6.25  0.13 
10   13.91  0.45  11.92
cd  0.43  8.61  0.14 
20   17.15
c  0.25  15.40
b  0.43  10.11
c  0.21 
Unaltered 
100   41.39
a  1.55  37.42
a  1.52  19.63
b  0.71 
Values are means (n = 3) and standard errors (SE) of means measured in a pressure plate system.  
Means followed by same letter are not significantly different and are significantly greater than control (0 %) (Tukey’s 
P < 0.05) 
 
Water content in carbonated treatments greater than 5 % and unaltered treatments 
greater than 10 % were also greater than the control at the – 0.033 MPa matric potential 
measurement.  At - 1.5 MPa of matric potential, there were fewer water content 
differences, from the control, with only seawater > 10 %, carbonated and unaltered fines 
additions > 20 % being significantly greater. 
3.3.4.2  Retention curves 
  Water retention curves were developed using the RETC program (van 
Genuchten et al. 2007).  Figure 3.4 to Figure 3.7 show water retention curves for 
bauxite residue fines treatments.  
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Figure 3.4. Water retention curves for bauxite residue sand and 100 % fines 
treatments produced from RETC program fitted to the water content at - 0.01, - 








0 1 2 3 4 5
log(|Pressure Head|[cm])



















0 1 2 3 4 5
log(|Pressure Head|[cm])








0 1 2 3 4 5
log(|Pressure Head|[cm])
U naltered 5 %
 
Figure 3.5. Water retention curves for bauxite residue sand and 5 % residue fines 
treatments produced from RETC program fitted to the water content at - 0.01, - 
0.033 and - 1.5 MPa data points.  
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Figure 3.6. Water retention curves for bauxite residue sand and 10 % residue fines 
treatments produced from RETC program fitted to the water content at - 0.01, - 
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Figure 3.7. Water retention curves for bauxite sand and 20 % bauxite residue fines 
treatments produced from RETC program fitted to the water content at - 0.01, - 
0.033 and - 1.5 MPa data points.  
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Water retention curves plot water content (m
3 m
-3) versus the log of pressure head (cm).  
Field capacity measured at - 0.01 MPa of matric potential is thus equal to log [2 cm] on 
the X axis, - 0.033 MPa is log [2.52 cm] and - 1.5 MPa is log [4.17 cm].  Based on 
water retention curves, additions of fines decreased water contents at saturation (~ log 0 
cm pressure) and increased water contents between field capacity (~ log 2 - 2.5 cm 
pressure) and wilting point (~ log 4.2 cm pressure).  This is represented by the greater 
area under the curves for the fines additions treatments compared to the residue sand 
treatment. 
3.3.4.3  Plant available water 
  Plant available water was calculated as both PAWlight and PAWheavy.  Plant 
available water as calculated for coarse sands or light textured soils PAWlight, varied 
from 4.45 % to 22.5 % (Table 3.12).  For all treatments, 100 % fines had significantly 
greater PAWlight than the control, as did the seawater 10 and 20 % fines, and the 8 % 
carbonated or unaltered fines additions.  Although not significantly different, unaltered 
fines treatments tended to have lower PAWlight values in 1 – 5 % fines additions, when 
compared to other treatments.  Seawater treatments had significantly greater PAWlight at 
the 10 and 20 % fines additions than the other fines treatments.   
  Significantly lower water contents were calculated as PAWheavy from 2.27 % to 
17.8 % (Table 3.12).  This calculation found more differences in PAW at lower fines 
additions than the PAWlight calculation.  Seawater fines treatments of 5 % and > 10 %; 
carbonated 3 % and > 8 %; and unaltered 8 % and > 20 % additions were all 
significantly greater in PAWheavy than the control.   
  Similar trends to the PAWlight calculations occurred with seawater treatments 
having significantly greater PAWheavy at 10 and 20 % fines when compared to other 
fines treatments.  When calculated as PAWlight, the seawater treatment had an 86 % 
increase in PAW, when fines were increased from 0 (control) to 20 %.  While in the  
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carbonated and unaltered treatments there were 20 and 25% increases, respectively.  
But, when calculated as PAWheavy, the seawater treatment had a 158 % increase; the 
carbonated a 71 % increase; and the unaltered a 119 % increase in PAW compared to 
the control (0 %). 
Table 3.12. Plant available water (PAW) in bauxite fines addition treatments. 
% Volumetric PAWlight  % Volumetric PAWheavy 
Fines Treatment  Addition 
 (%) 
Mean  SE  Mean  SE 
Control  0   5.64  0.49  2.42  0.42 
1   6.75  0.22  3.33  0.14 
2   7.02  0.80  3.84  0.71 
3   6.54  0.13  2.93  0.20 
5   7.91  0.35  4.24
d  0.26 
8   7.79  0.07  2.96  0.24 
10   10.34
c  0.23  5.33
cd  0.31 
20   10.51
c  0.35  6.24
c  0.74 
Seawater 
100   22.54
a  0.23  16.67
a  0.06 
1   7.67  0.34  3.11  0.04 
2   7.52  0.19  3.29  0.05 
3   8.22  0.45  4.11
d  0.40 
5   5.78  0.14  3.32  0.23 
8   9.42
c  0.14  4.37
d  0.14 
10   6.94  0.33  4.41
d  0.48 
20   6.80  0.27  4.14
d  0.18 
Carbonated 
100   16.94
b  1.54  12.29
b  1.11 
1   4.96  0.04  2.27  0.20 
2   4.45  0.31  2.43  0.36 
3   6.45  0.82  2.92  0.18 
5   4.39  0.06  2.78  0.09 
8   9.58
c  0.19  4.45
d  0.13 
10   5.30  0.33  3.31  0.29 
20   7.03  0.04  5.29
cd  0.28 
Unaltered 
100   21.76
a  1.60  17.79
a  1.60 
Values are means (n = 3) and standard errors (SE)  
Means with the same letters are not significantly different, but are significantly greater than control (0%) at P < 0.05 
PAWlight was calculated from water content measurements of - 0.01 MPa – (- 1.5 MPa)  
PAWheavy was calculated from water content measurements of - 0.033 MPa – (- 1.5 MPa) 
3.3.4.4  Relationship between fines additions and volumetric water content   
  Combining data from all treatments into percentage fines shows that overall 
water contents at each matric potential and the calculated PAW were highly correlated 
to percentage fines added (Table 3.13).  Two sets of regressions were developed and 
compared using data from 0 – 20 % and 0 – 100 % fines additions data sets.  
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Regressions of water content at each matric potential were significant, whether based on 
0 – 20 % or 0 – 100 % fines additions data sets.  Regressions based on 0 – 100 % fines 
additions produced better fits in most cases, due to the data points at 100 %, but all 
relationships were significant. 
Table 3.13. Regression relationships between the percentage of bauxite residue 
fines and the volumetric water content (θv at MPa) or calculated plant available 
water (PAW) at different matric potential measurements. 
0 – 20 % Fines Addition  0 – 100 % Fines Addition  Measurement  
(θv) at  Equation*  R
2  Sig.  df  Equation*  R
2  Sig.  df 
- 0.01 MPa  0.322 x + 12.2  0.626  < 0.001  78  0.308 x + 12.2  0.972  < 0.001  87 
- 0.033 MPa  0.337 x + 8.60  0.806  < 0.001  78  0.294 x + 8.84  0.985  < 0.001  87 
- 1.5 MPa  0.209 x + 5.78  0.806  < 0.001  77  0.166 x + 6.01  0.940  < 0.001  86 
PAWlight  0.113 x + 6.37  0.137  < 0.001  77  0.141 x + 6.21  0.828  < 0.001  86 
PAWheavy  0.129 x + 2.83  0.423  < 0.001  77  0.127 x + 2.84  0.900  < 0.001  86 
*Regression equation θv = b*percentage fines + constant 
PAWlight was calculated from water content measurements of - 0.01 MPa – (- 1.5 MPa)  
PAWheavy was calculated from water content measurements of - 0.033 MPa – (- 1.5 MPa)   
 
For water contents at – 0.01 MPa matric potential and the PAWheavy, both equations (0 – 
20 % or 0 – 100 %) produced very similar relationships. 
  Using regression equations in Table 3.13, PAW was interpolated for fines 
percentages inclusive of 0 - 100 % as listed in Table 3.14. 
Table 3.14. Interpolated plant available water based on percentage of bauxite 
fines. 
Fine Additions Increments at Calculated Plant Available Water 
0 – 20 %*  0 – 100 %*  0 – 20 %*  0 – 100 %* 
Fines 
% 
PAWlight (%)  PAWlight (%)  PAWheavy (%)  PAWheavy (%) 
1  6.48  6.36  2.96  2.97 
2  6.60  6.50  3.09  3.10 
3  6.71  6.64  3.22  3.23 
5  6.94  6.92  3.48  3.48 
8  7.27  7.34  3.87  3.86 
10  7.50  7.63  4.12  4.12 
20  8.63  9.04  5.41  5.39 
40  10.89  11.86  7.99  7.93 
60  13.15  14.68  10.57  10.47 
80  15.41  17.50  13.15  13.01 
100  17.67  20.32  15.73  15.55 
*Range of fines percentages used to determine regressions from Table 3.13 for the calculation of interpolated PAW. 
PAWlight was calculated from water content measurements of - 0.01 MPa – (- 1.5 MPa)  
PAWheavy was calculated from water content measurements of - 0.033 MPa – (- 1.5 MPa)   
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3.3.4.5  Estimated osmotic potential 
  Osmotic potentials were estimated for fines additions treatments using EC(se) 
data to produce linear regressions of EC as a function of fines additions.  Electrical 
conductivity of fines additions treatments were then related to osmotic potential by 
(Larcher 2001): 
EC (saturated extract dS m
-1) = - 0.036 MPa (osmotic potential). 
  Using this relationship, an estimate of the amount of increased potential due to 
an osmotic effect, can be roughly calculated based on percentage residue fines addition.  
These are only estimates, due to the complexity of geochemical makeup of residue 
materials, but this data does suggest significant osmotic potential in fresh residue 
materials (Figure 3.8).  From data in Chapter 4, it is known that after one pore volume, 
EC was reduced by up to 85 %.  Using data from Chapter 4 to adjust for reductions in 
EC over one pore volume of freshwater leaching, osmotic potential in fines treatments 
is predicted to drop from as high as - 2.3 MPa in fresh residues, to less than - 0.5 MPa 
for all treatments.  This demonstrates the extent to which the saline conditions in the 
residue materials can retain water against plant uptake.  
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Figure 3.8. Estimated osmotic potential as a function of percentage fines for 
bauxite residue fines treatments as either fresh residue or residue after one pore 
volume (PV) of leaching. 
     Fines percentage  
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3.3.5  Field water content measurements from experiment 2 
3.3.5.1  Total water content 
  Seasonal fluctuation of average water content in the growth media profiles (0 - 
160 cm) are shown in Figure 3.9. 


















































Figure 3.9. Average water content of growth media (0 - 160 cm) in bauxite residue 
fines treatments at the Kwinana residue disposal area from February 2007 to 
January 2008.  Circles are means (n = 4) with bars representing 95 % confidence 
intervals.   
   
Growth media profiles were driest during the summer months (December - February) 
with increasing water content during the autumn (March - May) and the greatest water 
contents during the winter months (June - August), and a subsequent drying period 
during the spring (September - November).  There were no consistent significant  
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differences in treatments, although the carbonated 3 % fines additions tended to have 
lower water content than all other treatments, including the control. 
  Variability in water content data, within treatments, can be seen in Figure 3.10 
to Figure 3.14.  Differences in total water content among replicates, within treatments, 
were as great as 50 % (carbonated 8 % fines addition).  The control had the least 









































































































































































































































Figure 3.10. Total water content in bauxite residue sand (control) treatment 
profiles from 27 February 2007 through 27 September 2008.  Points indicate 















































































































































































































































































Figure 3.11. Total water content in carbonated bauxite residue 3 % fines addition 
treatment (9 - 13) and residue sand (control 18 - 21)) profiles from 27 February 
2007 through 27 September 2008.  Points indicate measurements of water content 










































































































































































































































Figure 3.12. Total water content in unaltered bauxite residue 3 % fines addition 
treatment (22 - 25) and residue sand (control 18 - 21) profiles from 27 February 
2007 through 27 September 2008.  Points indicate measurements of moisture for 







































































































































































































































































































Figure 3.13. Total water content in carbonated bauxite residue 8 % fines addition 
treatment (14 – 17) and residue sand (control 18 - 21) profiles from 27 February 
2007 through 27 September 2008.  Points indicate measurements of moisture for 










































































































































































































































Figure 3.14. Total water content in unaltered bauxite residue 8 % fines addition 
treatment (26 – 29) and residue sand (control 18 - 21) profiles from 27 February 
2007 through 27 September 2008.  Points indicate measurements of moisture for 
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3.3.5.2  Water content by depth 
  During the rainy winter months (June – August) twice as much water was in the 
growth media profiles as compared to the dry summer months (December – February).   
January had the lowest water content, while July had the greatest water content.  
Wetting of the profile occurred during May and significant drying occurred during 
October.  Water content profiles for the dry periods are shown in Figure 3.15 and Figure 
3.16. 
  Water contents, as determined in the pressure plate chamber system, were ~ 6 % 
for wilting point and between 12 - 16 % for field capacity.  The following comments on 
field profile water content status, from Figure 3.15 to Figure 3.20, are based on these 
measurements using 6 % water content as wilting point and an average of 14 % water 
content for field capacity.  The same values of field capacity and wilting point are used 
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Figure 3.15. Water content in bauxite residue fines treatments on 25 January 2008.  
Values are means of treatments (n = 4).  Vertical lines at 6 % and 14 % indicate 
volumetric water contents at wilting point and field capacity, respectively.  
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  In January, water contents are estimated to be at or near wilting point (< 6 %) at 
the surface, although nearing field capacity (12 - 16 %) at 160 cm.  A steady increase in 
water content occurs with depth, during the driest part of the season.  In February, water 
content was still near wilting point water content at the surface, but there were increases 
in water content at much shallower depths and the water content of the growth media 
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Figure 3.16. Water content in bauxite residue fines treatments on 27 February 
2007.  Values are means of treatments (n = 4).  Vertical lines at 6 % and 14 % 
indicate volumetric water contents at wilting point and field capacity, respectively. 
   
By April, the water content was well above wilting point in the surface 80 cm and had 
reached field capacity at depths below 80 cm and will quickly approach field capacity at 
the surface with any additional rains (Figure 3.17).  By the 3
rd of August the entire 
profile was at or near the water content of field capacity, indeed at depths below 110 cm 
the water content was above field capacity (Figure 3.18).  
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Figure 3.17. Water content in bauxite residue fines treatments on 27 April 2007.  
Values are means of treatments (n = 4).  Vertical lines at 6 % and 14 % indicate 
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Figure 3.18. Water content in bauxite residue fines treatments on 3 August 2007.  
Values are means of treatments (n = 4).  Vertical lines at 6 % and 14 % indicate 
volumetric water contents at wilting point and field capacity, respectively. 
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But by the end of October, the profile was drying down again with near wilting point 
water contents, in the first 20 cm, and field capacity water contents occurring only 
below 50 cm (Figure 3.19).  Still, at depths > 120 cm in the profile water contents are 
above field capacity. 
  By December, the entire profile had dried significantly with wilting point water 
content at the growth media surface and possibly down to 50 cm of depth (Figure 3.20).  
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Figure 3.19. Water content in bauxite residue fines treatments on 25 October 2007.  
Values are means of treatments (n = 4).  Vertical lines at 6 % and 14 % indicate 
volumetric water contents at wilting point and field capacity, respectively.  
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Figure 3.20. Water content in bauxite residue fines treatments on 12 December 
2007.  Values are means of treatments (n = 4).  Vertical lines at 6 % and 14 % 
indicate volumetric water contents at wilting point and field capacity, respectively. 
3.4  Discussion 
  Based on particle size analysis, bauxite residue sands were classified as a sand 
texture class with ~ 98 % sand, 1 % silt and ~ 1 % clay.  The majority of the material 
(88 %) is well graded sand ranging from 1000 – 100 µm, with a resulting estimated pore 
volume consisting of 96 % macropores.  With macropores (> 60 µm) representing the 
majority of the pore volume, this material has a very low ability to retain water.  In fact, 
in-situ saturated hydraulic conductivities have been found to be about 20 m/d and 
upward flow of water by capillary action has also been found to be limited (IR Phillips 
personal communication).  Residue fines were texturally classified as loams to silt loam 
and were dominated (84 %) by particles less than 43 µm in diameter. The majority of 
particles in bauxite residue fines were between 43 - 2 µm, thus resulting in a much 
greater distribution of particles capable of holding water between field capacity and 
wilting point than the residue sand.  Additions of fines to sands produced growth media  
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with texture classes within the loamy sand range.  With an amendment of residue sands 
by fines materials, calculations estimate reduced macropores, while meso- and 
micropores were greatly increased.  These changes in pore space distributions increased 
PAW in fines treatments up to 160 %.      
   Comparisons between pipette and hydrometer methods found 5 - 9 % higher 
clay concentrations in suspension when measured with a hydrometer.  Past studies have 
found 2 - 5 % difference in clay content measurements between the pipette and 
hydrometer methods (Gee and Or 2002).  Higher clay fractions yielded from the 
hydrometer were likely from the use of 5 g NaHMP L
-1 solution compared to 1 g 
NaHMP L
-1 in the pipette method.  Although alterations in timing of measurements 
accounted for the increased solution density, it is possible that the increased dispersion 
from Na in solution may have kept clay sized particles in suspension slightly longer 
resulting in higher readings in the hydrometer method.  This is supported by the fact the 
silt 20 - 5 µm and 5 - 2 µm readings were not different between the methods.  As each 
of these fractions was directly measured, differences would have occurred if the 
methodology was incorrectly used or flawed.  But, the silt fractions were not affected by 
the increased Na, causing dispersion, to the same extent as the clay fraction.       
  When 10 - 20 % of residue fines were added to residue sands, the resultant 
growth media was classified as loamy sand.  Additions of fines altered bulk density and 
porosity measurements for the 1 – 20 % fines additions through altering silt and clay 
portions of the particle size distribution, although changes in bulk density were not 
large.  At the 20 % fines addition, significant decreases occurred in bulk density for the 
seawater and carbonated treatments, but not for the unaltered treatment.   
  Field capacity was measured both as “pot capacity” in glasshouse columns, and 
as volumetric water content at – 0.01 or – 0.033 MPa matric potential in the laboratory.  
Pot capacity water content was higher (16 - 23 %) than laboratory measured water  
  95 
content at field capacity as either – 0.033 MPa (8 – 15 %) or – 0.01 MPa (11 – 20 %) 
matric potential.  Water contents for the column “pot” experiments are quite high for 
sands which generally are between 5 - 15 % at field capacity (Lal and Shukla 2004).  
This is likely due to a lack of an underlying soil, with a matric potential, to maintain a 
continuous downward movement of water out of the columns, hence water contents in 
the columns represent artificially high field capacity values (Kirkham 2005; Passioura 
2006).  
  Water content measured in the laboratory, at – 0.01 MPa matric potential may 
be the best representation of field capacity for fines addition between 1 – 20 %, due to 
the loamy sand texture of the growth media.  It has been shown the coarse sands or light 
textured soils slowly release water at low pressures for extended periods (Cresswell 
2002).  At field capacity and wilting point volumetric water contents increased linearly 
with increases in fines percentages.  At field capacity, this was attributed to the 
increases in pore spaces with diameters between 60 - 2 µm from very fine sand and silt 
additions, and at wilting point increased pore spaces < 2 µm in diameter resulting from 
clay additions within the fines.   
  Water retention characteristics were improved by additions of residue fines.  
Improvements in water retention increased linearly with increasing percentage of 
residue fines, for all measurements, and resulting PAW.  Seawater treatments had the 
largest gains in PAW between 1 – 20 % fines additions, with the carbonated and 
unaltered also having significant increases, particularly at fines additions greater than 10 
%.  Data collected from the porous pressure plate measurements allowed for linear 
regression equations to be calculated to interpolate water contents and PAW content, as 
a function of fines additions.  These regressions accounted for up to 98 % of the 
variance in the data.    
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  At an addition of 20 % fines there was, on average, a 40 % increase in PAWlight 
or a 110 % increase as calculated by PAWheavy for field capacity (Table 3.12).  This 
equates to an increase of 0.0256 m
3 m
-3 of PAW for PAWlight, or an increase of 0.0266 
m
3 m
-3 for PAWheavy.  As residue sands amended with 20 % fines additions have a soil 
texture class of loamy sand, it is likely that the absolute water content value for pressure 
measurements lie somewhere between (- 0.01 and – 0.033 MPa), but PAW increases 
measured on an m
3 m
-3 basis are accurate for both field capacities due to different 
magnitudes of water content loss at field capacity.  Additions of 20 % residue fines to 
residue sands created an increase of 26 mm of water per m depth of growth media.  This 
increase in PAW is lower than what was found with high activity clays such as a 20 % 
vertisol clay addition (40 mm m
-1) (De Lima et al. 1998) and a 7 % silt/bentonitic clay 
addition (50 mm m
-1) (Suzuki et al. 2007) to sandy agriculture soils. 
  Water retention curves showed that additions of fines altered retention curves 
resulting in a growth medium that retained a greater amount of PAW based on area 
under the curve, compared to the control.  Additions of fines decreased water content at 
saturation, while increasing water content at higher matric potentials.   
  Using known EC data, osmotic potential was estimated based on fines additions.  
Calculations showed that initially fresh seawater fines may have up to – 2.3 MPa of 
osmotic potential at an addition of 20 % fines.  Groenevelt (2004) modeled a series of 
EC values from different Australian soils and illustrated how osmotic potentials from 
high ECs could reduce PAW.  At high ECse (> 10 dS m
-1) effective wilting point in 
sands could occur at pressures as low as - 0.1 MPa (Groenevelt et al. 2004).  With the 
high salt contents in bauxite residues, PAW may be initially limited.  But, after one pore 
volume of leaching, the EC is reduced by up to 85 % and osmotic potentials are 
estimated to decrease to ~ - 0.35 MPa.  Osmotic potential for fresh carbonated and 
unaltered fines at 20 % addition produced less osmotic potential, due to presence of  
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salts that have a lower solubility compared to the salts in seawater treatments (Chapter 
6).  It is vital to realize that although the carbonated and unaltered fines are estimated to 
not increase osmotic potential as greatly as seawater fines, they will still have a negative 
effect because they will retard the rate at which the growth media leaches salts.  Sandy 
bauxite residue materials do leach rapidly (see Chapter 4), but it is important to consider 
that initially these materials may have reduced PAW, due to the estimated high osmotic 
potential from high soluble salt contents.  In summer drought conditions, the high 
salinity in residue sand could further reduce PAW and induce drought stress earlier than 
residue sand that had been exposed to as little as one pore volume of freshwater 
leaching.  This is important in terms of residue rehabilitation vegetation establishment 
and the timing of seeding and tubestock planting.  As leaching occurs this will decrease 
the soluble salts concentrations, and an increase in PAW, resulting from the fines 
additions, should be then realized.  This suggests that residue materials must be initially 
leached before vegetative growth will be successful. 
  Field growth media water content measurements in profiles showed that the 
carbonated 3 % fines addition tended to have lower water content all times, although no 
clear explanation is available.  Increases in water content on the field scale for either the 
carbonated or unaltered 3 or 8 % fines additions were not apparent.  This is due to high 
variability in data, from field conditions and the complications of mixing a small 
proportion of fines into the 2 m profile during construction.  During the wet period, the 
water content in the profile was near field capacity to a depth of ~ 60 cm, and then 
increased to above field capacity at 100 cm depth.  During the dry period, the top 20 cm 
of the profile was near the wilting point water content, then increasing towards a water 
content of field capacity at nearly 150 cm.  Water content ranged from a low of 8 – 10 
% average water content within the profile, during the dry summer, to a high of 20 % 
water content in rainy winter months of July – August.  During the wet season,  
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approximately 320 mm of water was stored in the 1.6 m profile, and during the dry 
season only 160 mm.  If an addition of 20 % fines increases available water by 26 mm 
m
-1, this equates to 42 mm throughout a 1.6 m profile.  In contrast, if a high activity clay 
was available the PAW increases in the 1.6 m profile may be as high as 64 – 80 mm (De 
Lima et al. 1998; Suzuki et al. 2007). 
3.5  Conclusion 
  Bauxite residue sand is not effective at retaining PAW due to the presences of 
only small amounts (< 2 %) of silt and clay.  Addition of fines greatly improved the 
ability of the profile to retain water.  Overall, increases in water content occurred with 
increases in bauxite residue fines as measured by laboratory and glasshouse 
experiments.  The field experiment did not reflect increases in water content, due to low 
percentages of fines additions and greater variability of field conditions.  Increases in 
water content were linearly related to increases in bauxite fines, with seawater fines 
treatments tending to have the greatest increases in water content and calculated PAW 
at all matric potentials.  Plant available water also increased linearly with additions of 
fines.  But, estimates of osmotic potential based on the EC of fresh residues shows that 
the increases in PAW may be negated by increases in osmotic potential.  As leaching of 
soluble salts occurs over time and reductions in osmotic potential unfold, increases in 
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Chapter 4  Growth Media Nutrients and Nutrient Retention: Part 1 
Plant Available Nutrients and Cation Movement under Field 
Conditions 
4.1  Introduction 
  Bauxite residue materials are severely depleted of nutrients in plant available 
forms.  The growth media used in rehabilitation of residue disposal areas has been 
crushed and processed using the Bayer process, exposing the elements to caustic soda (4 
- 7 M NaOH) at elevated temperatures (> 140 - 270 °C) (Hind et al. 1999).  As there 
was no organic matter in the ore to begin with, any organic carbon (< 0.1 % in sands 
(Courtney et al. 2008), < 0.7 % in fines (this study)) in the freshly deposited residues 
was a byproduct of the Bayer process and its chemical form is not bioavailable.  Not 
only does the residue lack organically bound nutrients found in soils, many adverse 
chemical compounds and characteristics arise from the processing.  Characteristics of 
the fresh residue include high pH (9 - 12), salinity (EC > 60 dS m
-1), sodicity (ESP up to 
100 %), alkalinity, and very low concentrations of most essential plant nutrients.  
Initially these characteristics impede vegetative growth, so residue sands which are 
easier to ameliorate than residue fines, due to faster rates of leaching, are currently used 
as the growth medium on residue disposal areas.   
  After processing to remove alumina, bauxite residues are separated into sands (> 
150 µm) and fines (< 150 µm).  Many studies have developed partial solutions to the 
initial chemical problems associated with rehabilitation of residue sands.  Gypsum 
amendments have been used to lower pH and sodicity (Gupta and Singh 1988; Wong 
and Ho 1988; Wong and Ho 1991; 1993; Polcaro et al. 2000; Eastman and Mullins 
2004; Kopittke et al. 2004) with some success, although residual Na and alkalinity 
appear to be constraints.  
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  With high rates of leaching, a rapid loss of introduced nutrients occurs (Eastham 
and Morald 2006).  Currently, residue sands used in the rehabilitation process are low or 
deficient in many necessary plant nutrients including N, P, K, Ca, Mg, Mn, B, Cu and 
Zn (Meecham and Bell 1977a; Fuller and Richardson 1986; Bell et al. 1997; Gherardi 
and Rengel 2001; Gherardi and Rengal 2003; Eastham and Morald 2006; Eastham et al. 
2006).  Multiple studies have evaluated the use of fertilizers which are applied at high 
rates alone or with organic amendments to increase plant available nutrients (Fuller et 
al. 1982; Williams and Hamdy 1982; Marschner 1983; Wong and Ho 1991; Bell et al. 
1997; Jasper et al. 2000; Gherardi and Rengal 2003; Courtney and Timpson 2004; 
Eastham et al. 2006).  Current rehabilitation management aims to introduce the 
necessary nutrients, through inorganic fertilizer additions, to establish adequate nutrient 
stocks to support a vegetative community, but soil and plant analysis suggests 
substantial losses of nutrients (Bell et al. 2008), due to reactions with the residue sand, 
leaching and possibly volatilization of NH3.  An understanding of the plant growth 
conditions in the growth media and nutrient deficiencies present is required to correct 
the short comings of current fertilizer practices on residue rehabilitation. 
  Detailed research is needed to investigate the mechanisms and pathways that 
cause a decline in nutrient levels in fertilized residue sand.  Additions of pretreated fines 
can incorporate essential nutrients such as Ca, Mg, K (Hanahan et al. 2004; Menzies et 
al. 2004) and may increase the nutrient retention characteristics of the media relative to 
residue sands.  Fines also increase the amount of silt and clay particles which are the 
‘building blocks’ for soil micro and macroaggregates (Edwards and Bremner 1967).  By 
increasing the potential for aggregation, fines may also protect organic matter from 
decomposition, and begin sustainable nutrient cycling (Six et al. 1998; Denef et al. 
2004).  Without the accumulation of stable organic matter in aggregates, many nutrients 
will be easily lost from the system before they can be incorporated into a nutrient cycle.  
  101 
  For residue rehabilitation materials to develop into a functioning soil, alterations 
need to occur to the residue sand which increase the reservoir of plant available 
nutrients and increase the capacity of the growth media to retain nutrients.  Due to the 
lack of organic matter in residue, and the limited availability of organic amendments, 
the only other possibility is an alteration of texture to increase nutrient retention and 
plant availability.  This Chapter and Chapter 5 address the second overall research 
question posed: Does adding residue fines increase initial nutrient concentrations and 
the capability of the growth media to retain nutrients?  This chapter focuses on the 
overall plant growth characteristics of the growth media, nutrient deficiencies of the 
growth media, and changes in nutrient retention with incorporation of fines and 
examines how cation (Ca, Mg, K and Na) concentrations change after two years under 
field conditions.  
4.2  Background 
  To begin building a soil system, the residue sand growth medium receives a 
series of anthropogenic inputs including phosphogypsum (an industrial waste byproduct 
(Table 4.1) at 2 % (w/w)), inorganic fertilizers (Table 2.2) and a wood-chip mulch 
cover.  Additions of phosphogypsum are intended to lower pH through Na2SO4 and 
CaCO3 precipitation and lower exchangeable concentrations of Na through cation 
exchange by Ca.   
  Historically organic fertilizers were used in bauxite residue vegetation at 
Alcoa’s Western Australia RDAs to increase nutrient supply (Eastham et al. 2006), but 
regulatory agencies have restricted their use.  Inorganic fertilizers are now added as an 
amendment at very high rates (Table 2.2).   
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Table 4.1. Chemical composition of phosphogypsum added to bauxite residue fines 
treatments.   
Water-Soluble* 
Mean  Std. Dev.  Parameter 
mg L
-1  mg L
-1 
Na  22.2  16.9 
Mg  1.21  1.02 
Al  0.92  0.66 
P  0.29  0.30 
SO4-S  296  4.00 
Cl  0.21  0.34 
K  1.25  0.17 
Ca  431  14.0 
Fe  0.09  0.14 
NH4-N  0.09  0.03 
NO3-N  0.01  0.00 
EC (mS m
-1)  224  3.00 
pH  6.60  0.13 
HCO3  27.4  1.32 
CO3  0.01  0.00 
B  0.13  0.02 
Mn  0.25  0.01 
Cu  0.15  0.02 
Zn  0.25  0.01 
* Data sourced from I.Phillips, personal communication 
Phosphogypsum was dissolved as 0.2 g in 100 ml of water. 
 
  Different pretreatments of fines also introduce additional nutrients into the 
residue material and alter composition of mineral forms.  Carbonation treatment of 
residue fines transpires as a slurry of residue fines is passed through a concentrated CO2 
atmosphere (Cooling et al. 2002; Jones et al. 2006).  Seawater washing occurs either by 
using seawater to create a slurry with residue fines or by in situ seawater irrigation.  
Many recent studies have reported favorable conditions for growth media after seawater 
washing of residues (Somes et al. 1998; McConchie et al. 1999; McConchie et al. 2000; 
Hanahan et al. 2004; Kopittke et al. 2004; Menzies et al. 2004).  
4.3  Materials and methods 
  Data was used from Experiments 1 (Section 2.2) and 2 (Section 2.5) to answer 
the question: Does adding residue fines increase initial nutrient concentrations and the 
capability of the growth media to retain nutrients?  
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4.3.1  Experiment 1. Acacia saligna glasshouse experiment 
  For complete details, refer to Chapter 2 which describes the experimental setup 
(Section 2.4), material preparation (Section 2.4.1), column preparation (Section 2.4.2), 
and growth media characterization (Section 2.4.4).  In summary, residue fines 
(seawater, carbonated and unaltered) were added to residue sands at 0 (control) 1, 2, 3, 
5, 10 and 20 % (w/w).  All treatments received inorganic fertilizer (Table 2.2) and a 2 % 
(w/w) phosphogypsum amendment.  Construction of 50 cm high columns with different 
additions of fines, resulted in profiles with bulk densities that were not significantly 
different (1.29 Mg m
-3 ± 0.15 Mg m
-3, n = 57) although the range of variability was 
relatively large (ranging from 1.44 to 1.14 Mg m
-3) (see Chapter 3,Table 3.8).  Columns 
were leached with 340 mm rainfall equivalent to reduce EC in leachate from an initial 
range of 74.6 - 291 dS m
-1 to a final range of 4.4 to 9.0 dS m
-1 (data not shown) to 
ensure adequate conditions for plant growth.  A rainfall equivalent of 340 mm is also a 
realistic winters’ rainfall in the southwest of Western Australia.  The experimental 
design was created to determine the impact of fines addition on initial growth media 
nutrient concentrations and growth media nutrient concentrations after three months of 
growth of Acacia saligna (final).   
4.3.2  Experiment 2. Field experiment 
  For further details refer to Chapter 2 (Section 2.5) for experimental setup and 
background (Section 2.6), additions of fines and incorporation (Section 2.7.2), fertilizer 
incorporation (Section 2.7.3), and growth media sampling (Section 2.7.4).  In summary, 
field site experimental plots of residue sands amended with inorganic fertilizer and 2 % 
(w/w) phosphogypsum received a further amendment of either carbonated 3 or 8 %, 
unaltered 3 or 8 % or no fines addition (0 % control).  Samples were collected at the 
initiation of the plot setup (2006), at one year (2007) and after two years (2008).   
  104 
Growth media was sampled to 100 cm in 10 cm intervals and analyzed for extractable 
cations (Ca, Mg, K and Na), pH and EC (Section 2.7.4.4). 
  Supplemental data describing the initial properties of the phosphogypsum, 
residue sands, carbonated and unaltered residue fines are found in Appendix 1, Tables 
8.1 – 8.4.  These tables report saturated paste extract analysis for: EC, pH, NH4, NO3, P, 
S, Ca, Mg, K, Na, Al, Fe, and Cl; also macronutrients, exchangeable cations, DTPA 
micronutrients (for details of methods see Section 2.7.3.2).  Further data of statistical 
comparisons between samplings, before and after inorganic fertilizer was applied at the 
field experimental sites, can be found in Appendix 1, Tables 8.5 – 8. 30.  These tables 
include analysis of saturated paste extracts for: Al, P, S, Cl, Fe, NH4, NO3, HCO3, CO3, 
pH, EC, Ca, Mg, K, Na, and; also OC %, and exchangeable Ca, Mg, K, Na, Fe, Al and 
ECEC (for details of methods see Section 2.7.3.3).   
4.4  Results 
4.4.1  Nutrient concentrations - Acacia saligna glasshouse study 1 
4.4.1.1  Initial materials 
  Chemical analysis of the fresh residue sand, residue sand after phosphogypsum 
and fertilizer addition (control), unaltered and pre-treated (seawater and carbonated) 
residue fines are shown in Table 4.2 to Table 4.4.  Fresh residue sand exhibited an 
extremely alkaline pH, was saline-sodic and contained negligible concentrations of 
essential plant nutrients (Table 4.2).  Extractable cations in residue sand were 
dominated by Na, as were the exchanges sites (~ 75 %) (Table 4.3).  Adding 
phosphogypsum and inorganic fertilizer to residue sands increased EC, but decreased 
the ESP to 1/3 of non amendment levels and increased nutrient concentrations in the 
residue sand.  In particular, significant increases occurred for extractable P, K, S (Table 
4.4), and Ca (Table 4.2).  
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Table 4.2. pH and electrical conductivity (EC) in 1:5 soil water extracts, 
exchangeable sodium percentage (ESP), calcium carbonate content, extractable 
and exchangeable cations in bauxite residue sand and fines. 










pH  Mean  10.5  10.3  8.52
a  10.6  12.0
b 
   SE  0.04  0.07  0.12  0.01  0.08 
EC (dS m





   SE  0.05  0.25  0.50  0.27  0.26 
ESP  Mean  74.3
b  27.7  38.8  81.8
b  58.4
a 
   SE  0.50  0.93  1.81  0.64  5.07 
CaCO3 (g kg




   SE  0.1  0.1  3.1  3.2  6.9 
Extractable Ca 
(cmol kg
-1)  Mean  2.36  9.22
a  26.7
b  2.08  8.61
a 
   SE  0.12  0.11  1.18  0.04  1.84 
Extractable Mg 
(cmol kg
-1)  Mean  0.06  0.06  5.75
a  0.45  0.45 
   SE  0.01  0.03  0.21  0.05  0.07 
Extractable K  
(cmol kg
-1)  Mean  0.08  0.17  2.06
a  0.03  0.04 
   SE  0.01  0.01  0.11  0.01  0.01 
Extractable Na 
(cmol kg




   SE  0.92  0.76  5.51  2.20  3.75 
Exchangeable Ca 
(cmol kg
-1)**  Mean  1.79  6.55  17.8
a  6.72  18.6
a 
   SE  0.10  0.28  1.40  0.34  3.64 
Exchangeable Mg 
(cmol kg
-1)**  Mean  0.05  0.07  5.67
b  0.68
a  0.33 




Mean  0.10  0.10  0.55
a  0.10  0.10 
   SE  0.01  0.01  0.12  0.01  0.01 
Exchangeable Na 
(cmol kg
-1)**  Mean  5.60




   SE  0.13  0.18  0.67  0.12  0.46 
Means (n = 3) and standard errors (SE) are shown. 
*Residue sand with gypsum (2 % w/w) and inorganic fertilizers  
** Prewashed to remove soluble salts 
Means followed by same letter are not significantly different at P < 0.05 
 
 
Additions of phosphogypsum increased exchangeable Ca ~ 3.5 times, so that Ca 
became dominant on the exchange sites (~ 70 %) while Na was reduced to ~ 27 % of 
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Table 4.3. Cation saturation percentage for extractable and exchangeable fractions 
from bauxite residue sand and treated fines from the Acacia saligna glasshouse 
study. 










Extractable Ca %  17.1  38.5  18.7  3.1  9.9 
Mg  0.4  0.3  4.0  0.7  0.5 
K  0.6  0.7  1.4  < 0.1  < 0.1 
Na  81.9  60.5  75.8  96.2  89.6 
Exchangeable Ca %  23.7  70.5  45.4  16.3  40.7 
Mg  0.7  0.8  14.5  1.6  0.7 
K  1.3  1.1  1.4  0.2  0.2 
Na  74.3  27.7  38.8  81.8  58.4 
*Residue sand with phosphogypsum (2 % w/w) and inorganic fertilizer  
Cation saturation percentage = (Cation X (cmol kg
-1) / (Ca + Mg + K + Na)) * 100 
 
  Seawater-washed fines had significantly lower pH, but higher EC than the 
control (residue sand with gypsum and fertilizer) and other fines treatments (Table 4.2).  
Sodicity was significantly lower in seawater fines compared to other fines, and even 
fresh residue sand, due to increased Ca and Mg.  Seawater fines were significantly 
greater in extractable Ca, Mg, K, Na and B; exchangeable Mg, K (Table 4.2), and OC 
%, while having lower Al, Fe and exchangeable Na than other fines treatments (Table 
4.4). 
  Carbonated fines had similar pH to the control, but the greatest ESP.  
Carbonated fines had the lowest EC of the fines treatments, although it was significantly 
greater than the control.  Carbonated residue fines had low concentrations of extractable 
Ca, but an interestingly high percentage of CaCO3 and very high concentrations of 
extractable and exchangeable Na (Table 4.2).  Compared to the control, carbonated 
fines had higher exchangeable Mg, OC%, extractable P, B, Cu, Zn, Al and Cl (Table 
4.4).  Unaltered residue fines had the greatest pH, high EC and high ESP values.  
Unaltered fines were very similar to carbonated fines in all concentrations of cations, 
except Ca, which were significantly greater in the unaltered fines.  Also, unaltered and 
carbonated fines were very similar for levels of extractable macro- and micronutrients 
(Table 4.2), except unaltered had higher extractable Fe and Al (Table 4.4).      
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Table 4.4. Organic carbon, extractable phosphorus, potassium, sulphur and boron, 
DTPA extractable copper, zinc, manganese and iron; and extractable aluminum 
and chloride in bauxite residue sand and fines from Acacia saligna glasshouse 
study. 














   SE  0.01  0.01  0.03  0.01  0.04 
P (mg kg





   SE  1.00  2.33  1.53  4.91  5.49 
K (mg kg
-1)  Mean  15.0  90.7  1200
a  37.3  34.7 
   SE  0.01  8.41  34.4  2.19  0.67 
S (mg kg
-1)  Mean  119  2430
b  1820
a  464  406 
   SE  39.9  115  74.4  53.1  38.4 
B (mg kg




   SE  0.01  0.01  0.30  0.12  0.06 
Cu (mg kg




   SE  0.01  0.09  0.01  0.08  0.14 
Zn (mg kg




   SE  0.01  0.02  0.01  0.01  0.03 
Mn (mg kg
1)  Mean  0.10  0.10  0.46  0.87  0.95 
   SE  0.01  0.01  0.32  0.13  0.02 
Fe (mg kg
-1)  Mean  5.44  4.22  9.11  11.4  23.2
a 
   SE  0.56  0.36  0.34  0.41  3.91 
Al (mg kg
-1)  Mean  5.60  17.5  1.13  129
a  687
b 
   SE  0.50  1.97  0.03  17.1  184 
Cl (mg kg




   SE  4.00  6.11  256  56.7  52.6 
* Residue sand with gypsum (2 % w/w) and inorganic fertilizer 
Means (n = 3) and standard errors (SE) are shown, means followed by same letter are not significantly different at P 
< 0.05  
 
4.4.1.2  Fines additions treatments 
  Chemical characteristics of the residue fines treatment mixtures taken after 
leaching (initial) and at the completion of experiment three months later (final) are 
shown in Table 4.5 to Table 4.9.  Initial pH values ranged from 8.70 - 8.28 with no 
significant differences among treatments, but all treatments increased between initial 
and final sampling, except the 5 - 20 % seawater-washed residue fines additions (Table 
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Table 4.5. pH, electrical conductivity (EC) in 1:5 soil water extracts, and 
exchangeable sodium percentage (ESP) in bauxite residue fines treatments at the 
initial and final samplings from Acacia saligna glasshouse study. 
pH  EC (dS m
-1)  ESP 
Treatment  Sampling  Fines 
(%)  Mean  SE  Mean  SE  Mean  SE 
Initial  0  8.28  0.01  0.76  0.14  7.4  0.6  Control 
Final  0  8.72  0.09  0.58  0.14  0.6  0.4 
1  8.36  0.04  0.81  0.13  8.7  1.5 
2  8.27  0.07  0.98  0.19  11.1  1.4 
3  8.38  0.04  0.78  0.12  9.9  1.0 
5  8.48  0.07  1.29  0.10  10.5  1.0 
10  8.73  0.04  1.11  0.09  11.2  0.3 
Initial 
20  8.61  0.08  1.42  0.32  15.2  0.5 
1  8.65  0.12  0.62  0.13  1.3  0.4 
2  8.68  0.05  0.71  0.06  2.0  0.3 
3  8.86  0.11  0.50  0.05  3.3  0.3 
5  8.58  0.11  0.97  0.15  4.0  0.4 
10  8.63  0.04  0.83  0.03  5.6  0.5 
Seawater 
Final 
20  8.60  0.03  1.06*  0.03  9.2  1.0 
1  8.40  0.15  0.98  0.30  11.7  1.6 
2  8.36  0.05  0.95  0.17  10.9  3.0 
3  8.64  0.08  0.96  0.18  14.7  1.2 
5  8.67  0.08  0.90  0.09  15.8  0.9 
10  8.62  0.14  1.11  0.14  26.0*  1.8 
Initial 
20  8.49  0.03  1.84  0.18  34.6*  0.4 
1  8.97  0.09  0.51  0.05  0.5  0.1 
2  9.07  0.07  0.47  0.07  0.4  0.3 
3  8.85  0.15  0.59  0.05  0.5  0.3 
5  9.00  0.03  0.49  0.02  0.6  0.2 
10  9.07  0.05  0.59  0.12  1.2  0.3 
Carbonated 
Final 
20  8.73  0.22  0.85  0.05  0.8  0.4 
1  8.30  0.04  1.02  0.11  10.9  0.6 
2  8.46  0.06  1.16  0.21  13.5  0.9 
3  8.63  0.01  0.90  0.03  14.2  0.8 
5  8.54  0.03  0.94  0.14  13.8  0.7 
10  8.47  0.10  0.92  0.17  18.1*  0.5 
Initial 
20  8.70  0.18  1.60  0.19  22.0*  4.2 
1  8.80  0.05  0.56  0.06  0.5  0.2 
2  8.81  0.07  0.59  0.08  0.9  0.3 
3  8.76  0.03  0.66  0.03  0.7  0.4 
5  8.70  0.10  0.57  0.10  0.5  0.1 
10  8.91  0.03  0.58  0.06  1.0  0.1 
Unaltered 
Final 
20  9.11  0.08  0.55  0.07  1.1  0.1 
Means (n = 3) and standard errors (SE) are shown. 
* Significantly greater than the control (0 %), within sampling period, at P < 0.05 
 
Electrical conductivity (1.84 - 0.76 dS m
-1) and ESP (34.6 - 7.4) were initially high, 
particularly in the carbonated treatments, but decreased significantly between samplings 
in all treatments.  Concentrations of NH4 and NO3 were measured (data not shown), but  
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NH4 was < 1 mg kg
-1 throughout the study, while NO3 concentrations initially were 
below < 1 mg kg
-1 with a slight increase in the final sampling ranging from 2 - 4  
mg kg
-1.  For mineral N values there was no discernible trend with time. 
  Initial samples showed that adding seawater residue fines increased 
exchangeable Ca, Mg, and Na (Table 4.6) and extractable K, S (Table 4.8), Al, B, Cl 
(Table 4.9) when compared to the control.  Adding carbonated residue fines increased 
exchangeable Na, and extractable S and Al particularly at the 10 and 20 % fines 
addition rate.  Adding unaltered residue fines also increased exchangeable Mg and Na, 
extractable P, S, and Al, particularly at the 10 and 20 % fines additions.   
  Final concentrations in fines treatments compared against initial showed that 
extractable P, K, S, and Cu, Zn, Mn and Fe (Appendix 1, Table 8.28) did not change.  
Concentrations of exchangeable Ca, in the final samples, remained similar to the initial 
samples in all treatments, while exchangeable Mg and Na decreased in all fines 
treatments.  Exchangeable K increased in all treatments compared with initial sampling.    
  Comparisons between fines addition treatments and the control (0 %) in the final 
sampling showed concentrations of  K, S (Table 4.8), Al, B, Cl (Table 4.9), and 
exchangeable Ca and Na (Table 4.6) within the seawater treatments remained greater 
compared to the control, while exchangeable Mg was no longer different, and 
exchangeable K had increased to being significantly greater than the control.  Within 
the carbonated treatments, concentrations of S and Al remained greater than in the 
control, while exchangeable Na was no longer different, and exchangeable K had 
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Table 4.6. Exchangeable cation levels in the bauxite residue fines treatments at the 
















-1)  Treatment  Sampling  Fines 
(%) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Initial  0  7.53  0.15  0.04  0.01  0.10  0.01  0.61  0.05  Control 
Final  0  8.08  0.16  0.03  0.01  0.37  0.01  0.05  0.03 
1  7.54  0.14  0.10  0.01  0.14  0.02  0.74  0.13 
2  7.14  0.21  0.20*  0.06  0.13  0.03  0.94  0.15 
3  8.49  0.47  0.30*  0.04  0.10  0.01  0.97  0.08 
5  8.32  0.30  0.47*  0.03  0.10  0.01  1.05  0.11 
10  9.37  0.04  0.75*  0.03  0.10  0.01  1.29  0.04 
Initial 
20  11.0  1.64  1.34*  0.09  0.10  0.01  2.25*  0.33 
1  8.61  0.35  0.02  0.01  0.40  0.06  0.12  0.03 
2  8.55  0.60  0.03  0.01  0.57  0.04  0.19  0.01 
3  8.38  0.35  0.05  0.01  0.63  0.05  0.31*  0.02 
5  9.02  0.38  0.04  0.01  0.68  0.04  0.40*  0.03 
10  10.4  0.49  0.05  0.01  0.90  0.02  0.66*  0.04 
Seawater 
Final 
20  10.5*  0.62  0.06  0.01  1.35*  0.05  1.20*  0.09 
1  7.16  0.54  0.04  0.01  0.10  0.01  0.96  0.11 
2  9.90  2.87  0.04  0.02  0.10  0.01  1.04  0.13 
3  7.47  0.21  0.05  0.01  0.10  0.01  1.31  0.10 
5  8.11  0.01  0.04  0.01  0.10  0.01  1.55*  0.11 
10  8.57  0.30  0.10  0.01  0.10  0.01  3.08*  0.25 
Initial 
20  8.34  0.45  0.14  0.01  0.10  0.01  4.54*  0.32 
1  7.52  0.51  0.04  0.01  0.71  0.05  0.04  0.01 
2  7.31  0.37  0.05  0.01  0.68  0.04  0.03  0.02 
3  7.87  0.51  0.06  0.01  1.05  0.10  0.04  0.03 
5  9.11  0.76  0.09  0.04  1.07  0.03  0.06  0.02 
10  7.70  0.04  0.05  0.01  1.93*  0.13  0.12  0.03 
Carbonated 
Final 
20  11.3*  0.42  0.06  0.01  3.12*  0.19  0.11  0.05 
1  7.31  0.16  0.05  0.01  0.10  0.01  0.92  0.08 
2  7.48  0.33  0.07  0.01  0.10  0.01  1.19  0.05 
3  7.64  0.03  0.08  0.01  0.10  0.01  1.29  0.09 
5  8.33  0.07  0.11  0.01  0.10  0.01  1.37  0.08 
10  8.57  0.40  0.12  0.01  0.10  0.01  1.95*  0.14 
Initial  
20  11.9  1.96  0.17  0.02  0.10  0.01  3.28*  0.39 
1  8.07  0.26  0.04  0.01  0.58  0.06  0.05  0.02 
2  8.00  0.70  0.06  0.01  1.22  0.46  0.08  0.03 
3  8.35  0.17  0.06  0.01  0.86  0.03  0.06  0.04 
5  9.37  0.52  0.05  0.01  0.80  0.11  0.06  0.01 
10  10.3  0.12  0.07  0.01  1.70*  0.08  0.12  0.01 
 Unaltered 
 Final 
20  9.68  0.72  0.06  0.01  2.28*  0.19  0.13  0.01 
Means (n = 3) and standard errors (SE) are shown. 
* Significantly greater than the control (0 %), within sampling period, at P < 0.05 
   
Concentrations of extractable K and exchangeable K became greater in the unaltered 
fines treatments than the control, but P, S, Al and exchangeable Mg and Na were no  
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longer different.  Cation saturation percentages for initial treatments were dominated by 
Ca 63 – 91 %, followed by Na 7 - 35 %, Mg < 1 – 9 %, and K ~ 1 % (Table 4.7).   
Table 4.7. Cation saturation percentage in the bauxite residue fines treatments at 
the initial and final samplings of the Acacia saligna glasshouse study. 
Treatment  Sampling  Fines (%)  Calcium (%)  Magnesium (%)  Potassium (%)  Sodium (%) 
Initial  0  90.9  0.5  1.2  7.4 
Control 
Final  0  94.7  0.4  4.3  0.6 
Seawater  Initial  1  88.5  1.2  1.6  8.7 
      2  84.9  2.4  1.5  11.2 
      3  86.1  3.0  1.0  9.8 
      5  83.7  4.7  1.0  10.6 
      10  81.4  6.5  0.9  11.2 
      20  74.9  9.1  0.7  15.3 
   Final  1  94.1  0.2  4.4  1.3 
      2  91.5  0.3  6.1  2.0 
      3  89.4  0.5  6.7  3.3 
      5  89.0  0.4  6.7  3.9 
      10  86.6  0.4  7.5  5.5 
      20  80.1  0.5  10.3  9.2 
Carbonated  Initial  1  86.7  0.5  1.2  11.6 
      2  89.4  0.4  0.9  9.4 
      3  83.7  0.6  1.1  14.7 
      5  82.8  0.4  1.0  15.8 
      10  72.3  0.8  0.8  26.0 
      20  63.6  1.1  0.8  34.6 
   Final  1  90.5  0.5  8.5  0.5 
      2  90.6  0.6  8.4  0.4 
      3  87.3  0.7  11.6  0.4 
      5  88.2  0.9  10.4  0.6 
      10  78.6  0.5  19.7  1.2 
      20  77.5  0.4  21.4  0.8 
 Unaltered  Initial   1  87.2  0.6  1.2  11.0 
      2  84.6  0.8  1.1  13.5 
      3  83.9  0.9  1.1  14.2 
      5  84.1  1.1  1.0  13.8 
      10  79.8  1.1  0.9  18.2 
      20  77.0  1.1  0.6  21.2 
    Final  1  92.3  0.5  6.6  0.6 
      2  85.5  0.6  13.0  0.9 
      3  89.5  0.6  9.2  0.6 
      5  91.1  0.5  7.8  0.6 
      10  84.5  0.6  13.9  1.0 
      20  79.7  0.5  18.8  1.1 
Cation saturation percentage = (Cation X (cmol kg
-1) / (Ca + Mg + K + Na)) * 100 
 
Control (residue sand) had the greatest Ca saturation, seawater 20 % fines addition had 
the greatest Mg saturation, while all treatments were similar for K, and the carbonated  
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fines had the greatest percentage of Na at 35.  Final cation saturation percentages were 
dominated by Ca 77 - 95 %, followed by K < 1 - 19 %, Na < 1 - 9, and Mg < 1.  The 
greater fines addition resulted in lower final Ca saturation and greater K and Na 
saturations.  The largest decreases in Na occurred in the carbonated treatments as did 
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Table 4.8. Organic C %, extractable P, K and S concentrations in bauxite residue 












-1)  Treatment  Sampling  Fines 
(%) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Initial  0  0.09  0.01  18.7  7.20  41.0  3.50  291  59  Control 
Final  0  0.11  0.03  37.3  2.90  24.3  1.50  404  15 
1  0.08  0.01  34.0  6.60  41.0  4.20  491  74 
2  0.08  0.01  31.0  5.50  48.0  4.70  505  169 
3  0.10  0.01  31.7  5.90  62.0  8.60  515  95 
5  0.10  0.01  25.3  4.40  71.0*  9.10  631  100 
10  0.09  0.01  39.7  10.4  95.3*  2.30  702  85 
Initial 
20  0.13  0.01  43.7  4.10  115  15.1  1018*  252 
1  0.06  0.01  44.7  7.30  31.3  3.50  699  20 
2  0.11  0.01  32.0  2.10  34.0  2.00  579  67 
3  0.08  0.02  27.3  3.80  50.7  4.10  565  98 
5  0.09  0.02  33.3  5.30  62.0*  3.80  828  82 
10  0.09  0.01  36.0  4.40  85.7*  5.70  810  38 
Seawater 
Final 
20  0.12  0.01  36.3  3.00  111*  4.00  1237*  21 
1  0.10  0.01  16.7  3.20  48.0  7.20  432  108 
2  0.08  0.01  31.7  12.2  51.3  2.70  368  77 
3  0.08  0.01  45.3  6.90  76.7  9.80  457  53 
5  0.09  0.01  17.0  2.00  61.3  8.40  301  27 
10  0.10  0.01  31.0  7.00  56.7  5.20  561  90 
Initial 
20  0.10  0.01  42.7  3.20  61.7  5.20  1000*  72 
1  0.08  0.01  21.0  3.80  54.0  1.00  463  101 
2  0.08  0.01  20.3  3.50  46.0  1.20  381  40 
3  0.09  0.01  39.7  4.30  67.7*  10.7  499  65 
5  0.09  0.01  28.7  4.20  57.3*  4.30  527  94 
10  0.12  0.01  32.7  1.50  57.0*  5.00  462  49 
Carbonated 
Final 
20  0.13  0.01  49.3  5.00  73.7*  3.20  994*  119 
1  0.08  0.01  21.7  2.20  42.0  1.50  460  41 
2  0.08  0.01  23.7  3.80  59.0  9.50  538  75 
3  0.09  0.01  23.7  3.00  52.7  6.10  411  96 
5  0.08  0.01  26.7  3.20  43.7  3.30  428  33 
10  0.09  0.01  47.0  3.50  62.0  7.90  616  112 
Initial 
20  0.12  0.01  63.7*  7.40  62.0  13.0  1251*  630 
1  0.10  0.01  24.3  5.40  42.0  4.20  814  55 
2  0.08  0.01  27.7  2.20  58.7*  4.80  730  74 
3  0.10  0.01  35.0  5.70  54.3  4.90  840  153 
5  0.11  0.01  41.7  9.70  45.0  6.40  787  229 
10  0.09  0.01  57.3  9.00  63.0*  6.20  747  70 
 Unaltered 
 Final 
20  0.23  0.04  60.3  3.00  69.0*  6.80  485  83 
Means (n = 3) and standard errors (SE) are shown. 
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Table 4.9. Concentrations of extractable Al, B and Cl in bauxite residue fines 
treatments at the initial and final samplings from the Acacia saligna glasshouse 
study. 
Aluminum (mg kg
-1)  Boron (mg kg
-1)  Chloride (mg kg
-1) 
Treatment  Sampling  Fines 
(%)  Mean  SE  Mean  SE  Mean  SE 
Initial  0  0.47  0.03  0.10  0.01  65.0  12 
Control 
Final  0  0.47  0.03  0.40  0.01  37.0  1.0 
Seawater  Initial  1  0.57  0.03  0.17  0.03  85.0  24 
      2  0.63  0.03  0.20  0.01  89.0  14 
      3  0.67  0.07  0.43  0.19  105  29 
      5  0.97  0.17  0.40  0.10  164  51 
      10  1.40*  0.10  0.50  0.01  170  10 
      20  1.27*  0.12  1.03*  0.03  292*  89 
   Final  1  0.77  0.03  0.47  0.03  37.0  4.0 
      2  0.77  0.07  0.40  0.01  39.0  1.0 
      3  0.83  0.03  0.50  0.01  52.0  7.0 
      5  1.20  0.06  0.63*  0.09  66.0  7.0 
      10  1.47*  0.19  0.87*  0.03  76.0*  7.0 
      20  1.63*  0.03  1.27*  0.03  86.0*  8.0 
Carbonated  Initial  1  0.70  0.01  0.13  0.03  92.0  3.0 
      2  0.67  0.15  0.10  0.01  96.0  18 
      3  0.90  0.12  0.10  0.01  68.0  6.0 
      5  0.97  0.07  0.10  0.01  61.0  3.0 
      10  1.67*  0.32  0.10  0.01  87.0  12 
      20  3.30*  0.15  0.37  0.17  139  15 
   Final  1  0.67  0.07  0.30  0.06  37.0  4.0 
      2  0.70  0.06  0.27  0.03  39.0  6.0 
      3  0.77  0.07  0.37  0.03  50.0  5.0 
      5  0.77  0.03  0.37  0.07  40.0  4.0 
      10  1.43*  0.26  0.40  0.01  57.0  6.0 
      20  3.33*  0.64  0.60  0.06  70.0*  10 
 Unaltered  Initial  1  0.63  0.09  0.13  0.03  61.0  9.0 
      2  0.43  0.03  0.13  0.03  67.0  5.0 
      3  0.57  0.12  0.10  0.01  55.0  3.0 
      5  0.60  0.01  0.10  0.01  62.0  8.0 
      10  0.77  0.09  0.40  0.30  59.0  8.0 
      20  1.33*  0.15  0.10  0.01  112  13 
    Final  1  0.53  0.09  0.50  0.06  36.0  3.0 
      2  0.70  0.10  0.50  0.01  42.0  4.0 
      3  0.73  0.03  0.40  0.01  41.0  2.0 
      5  0.63  0.03  0.37  0.03  32.0  3.0 
      10  0.80  0.00  0.40  0.01  55.0  4.0 
      20  0.63  0.15  0.27  0.03  52.0  7.0 
Means (n = 3) and standard errors (SE) are shown. 
* Significantly greater than the control (0 %), within sampling period, at P < 0.05 
4.4.2  Nutrient concentrations from Experiment 2: Field study 
  In this section, the control (residue sand, plus phosphogypsum and fertilizer) 
will be labeled as 0 % fines and data will be found in columns under “Unaltered”.  Data  
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is not shown for 50 - 100 cm, in 2006, due to incorporation of fertilizer was limited to 
the 0 - 40 cm depths.  Analysis of initial materials, as well as tables comparing fertilized 
versus unfertilized sites, are found in Appendix 1, Tables 8.1 – 8.27.   
4.4.2.1  pH 
  Data collected over three years for pH in field sites at Kwinana RDA are shown 
in Table 4.10.   
Table 4.10. pH (1:5 water) of fertilized bauxite residue fines treatments at the 
Kwinana field site over three years. 
Kwinana RDA - pH 1:5 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines 
Depth 
(cm)  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  9.01  0.27  8.53  0.14  8.80  0.15 
20  .  .  .  .  .  .  9.25  0.11  8.84  0.35  8.94  0.17 
30  .  .  .  .  .  .  9.35  0.00  8.97  0.30  8.87  0.09 
40  .  .  .  .  .  .  9.13  0.30  9.24  0.42  8.73  0.28 
50  .  .  .  .  .  .  .  .  9.80  0.27  9.11  0.28 
60  .  .  .  .  .  .  .  .  9.67  0.39  8.91  0.49 
70  .  .  .  .  .  .  .  .  9.54  0.41  9.28  0.41 
80  .  .  .  .  .  .  .  .  9.80  0.44  9.71  0.18 
90  .  .  .  .  .  .  .  .  9.97  0.24  9.73  0.35 
**0% 
100  .  .  .  .  .  .  .  .  9.85  0.29  .  . 
10  6.93  0.09  8.94  0.11  8.73  0.05  8.34  0.12  8.70  0.14  8.22  0.07 
20  6.91  0.00  8.94  0.31  8.55  0.20  8.32  0.14  9.12  0.26  8.19  0.06 
30  6.95  0.04  8.92  0.28  8.65  0.25  8.50  0.25  8.78  0.42  8.66  0.28 
40  7.00  0.05  9.25  0.29  8.48  0.14  8.54  0.11  9.39  0.32  9.13  0.27 
50  .  .  9.09  0.23  8.63  0.19  .  .  9.47  0.17  9.34  0.33 
60  .  .  9.02  0.27  8.88  0.34  .  .  9.40  0.49  9.30  0.38 
70  .  .  9.40  0.38  8.84  0.32  .  .  9.73  0.43  10.10*  0.19 
80  .  .  9.05  0.41  8.59  0.19  .  .  10.07  0.21  9.89*  0.32 
90  .  .  9.09  0.55  8.64  0.23  .  .  9.97  0.35  10.07*  0.26 
3% 
100  .  .  9.75  0.43  .  .  .  .  9.99  0.38  .  . 
10  7.05  0.04  8.61  0.22  8.40  0.08  8.28  0.11  8.79  0.24  8.71  0.18 
20  7.01  0.11  8.97  0.46  8.31  0.12  8.52  0.04  9.02  0.27  8.86  0.16 
30  6.95  0.06  9.17  0.40  8.22  0.11  8.28  0.30  9.22  0.33  8.90  0.26 
40  7.16  0.25  9.07  0.39  8.42  0.21  7.79  0.64  9.46  0.43  8.90  0.30 
50  .  .  9.25  0.19  8.77  0.24  .  .  9.19  0.42  9.62  0.28 
60  .  .  9.48  0.22  9.07  0.26  .  .  9.57  0.38  9.53  0.41 
70  .  .  9.42  0.32  8.87  0.39  .  .  9.53  0.38  9.08  0.39 
80  .  .  9.18  0.37  9.27  0.37  .  .  9.43  0.39  9.83  0.21 
90  .  .  9.58  0.26  9.71*  0.25  .  .  9.99  0.15  10.04*  0.30 
8% 
100  .  .  9.63  0.38  .  .  .  .  10.13  0.04  .  . 
Means (n = 4) and standard errors (SE) are shown. 
*Significantly greater than the 10 cm depth within treatment and year P > 0.05. 
** 0 % unaltered = control (residue sand)  
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  In 2006, at the initiation of the study, carbonated 3 and 8 % fines additions had 
lower pH (6.91 - 7.16) than the unaltered 3 and 8 % (7.79 - 8.54), which in turn were 
lower than the control (9.01 - 9.35).  In 2007, pH increased in every treatment, except 
the control which had decreased by 0.2 – 0.4 pH units.  In 2008, pH decreased for every 
treatment, except the control.  Increases in pH occurred with depth in all treatments, and 
the carbonated treatments tended to have lower pH than unaltered treatments.  
  Data was also collected over three years for pH at the Pinjarra RDA (Table 
4.11).  In 2006, carbonated 3 and 8 % fines additions at Pinjarra had greater pH (8.9 - 
9.58) than the unaltered 3 and 8 % (8.06 - 9.05) fines additions and the control (7.81 - 
8.91).  In 2007, pH increased from 2006 values in every treatment, except the 
carbonated 3 % which remained the same.  In 2008, pH decreased from 2007 values for 
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Table 4.11. pH (1:5 water) of fertilized bauxite residue fines treatments at the 
Pinjarra field site over three years. 
Pinjarra RDA - pH 1:5 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines 
Depth 
(cm)  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  8.64  0.45  9.14  0.18  8.07  0.12 
20  .  .  .  .  .  .  8.91  0.49  9.12  0.17  8.29  0.18 
30  .  .  .  .  .  .  8.70  0.53  9.24  0.28  8.53  0.23 
40  .  .  .  .  .  .  7.81  0.07  9.35  0.24  8.28  0.18 
50  .  .  .  .  .  .  .  .  9.11  0.28  9.04  0.36 
60  .  .  .  .  .  .  .  .  9.39  0.23  8.79  0.26 
70  .  .  .  .  .  .  .  .  9.83  0.22  9.62*  0.31 
80  .  .  .  .  .  .  .  .  9.82  0.17  9.76*  0.36 
90  .  .  .  .  .  .  .  .  9.82  0.22  9.88*  0.27 
**0% 
100  .  .  .  .  .  .  .  .  9.92  0.25  .  . 
10  9.51  0.02  9.09  0.12  8.93  0.11  8.08  1.50  9.13  0.14  8.79  0.23 
20  9.55  0.02  9.25  0.16  8.65  0.17  8.08  1.49  9.31  0.29  8.88  0.22 
30  9.51  0.10  9.55  0.09  9.28  0.14  8.10  1.53  9.75  0.21  9.32  0.17 
40  9.58  0.10  9.64  0.10  9.37  0.37  8.06  1.55  9.97*  0.12  8.94  0.32 
50  .  .  9.76  0.11  9.64  0.41  .  .  9.99*  0.23  9.81  0.13 
60  .  .  9.60  0.31  9.83  0.20  .  .  10.07*  0.17  9.75  0.20 
70  .  .  9.78  0.29  8.92  0.48  .  .  10.18*  0.14  9.85  0.35 
80  .  .  10.03*  0.13  8.96  0.49  .  .  10.31*  0.10  10.20*  0.09 
90  .  .  9.76  0.34  9.77  0.27  .  .  10.29*  0.09  9.75  0.37 
3% 
100  .  .  10.28*  0.20  .  .  .  .  10.08*  0.38  .  . 
10  8.90  0.12  9.23  0.12  8.40  0.20  8.76  0.54  9.26  0.22  8.65  0.16 
20  9.16  0.20  9.21  0.13  8.88  0.27  8.87  0.46  9.14  0.37  8.77  0.13 
30  9.41  0.06  9.60  0.09  9.20  0.37  8.95  0.46  9.57  0.19  8.93  0.27 
40  9.54*  0.11  9.46  0.32  9.46  0.35  9.05  0.37  9.87  0.09  9.24  0.36 
50  .  .  9.70  0.20  9.94*  0.10  .  .  10.01  0.10  9.25  0.30 
60  .  .  9.89  0.11  9.77*  0.28  .  .  9.48  0.43  9.63  0.29 
70  .  .  9.82  0.20  10.05*  0.13  .  .  9.72  0.37  9.89*  0.12 
80  .  .  10.01*  0.04  9.88*  0.37  .  .  9.71  0.42  9.98*  0.16 
90  .  .  10.11*  0.04  10.24*  0.07  .  .  9.84  0.37  9.67  0.32 
8% 
100  .  .  9.81  0.32  .  .  .  .  9.55  0.80  .  . 
Means (n = 4) and standard errors (SE) are shown. 
*Significantly greater than the 10 cm depth within treatment and year P > 0.05 
** 0 % unaltered = control (residue sand) 
   
4.4.2.2  Electrical conductivity 
  Electrical conductivity over three years at the Kwinana RDA is shown in Table 
4.12.  Values in 2006 ranged from 0.08 - 0.23 dS m
-1.  Electrical conductivity values 
were highly variable, caused by the heterogeneous mixing of phosphogypsum through 
the profile. There were no significant differences among treatments.  Heterogeneity also  
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obscured any trends in EC with depth or over time.  In 2007, EC increased in every 
treatment ranging from 0.20 - 0.64 dS m
-1 at the surface and was similar throughout the 
profile.  There were mixed results for 2008 with EC values throughout the profiles 
ranging from 0.08 - 1.30 dS m
-1, but there were no noticeable trends. 
Table 4.12. Electrical conductivity of fertilized bauxite residue fines treatments at 
the Kwinana field site over three years. 
Kwinana RDA - EC 1:5 (dS m
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  0.09  0.03  0.38  0.12  0.10  0.02 
20  .  .  .  .  .  .  0.08  0.02  0.35  0.20  0.08  0.02 
30  .  .  .  .  .  .  0.09  0.02  0.33  0.16  0.08  0.01 
40  .  .  .  .  .  .  0.11  0.04  0.29  0.10  0.41  0.35 
50  .  .  .  .  .  .  .  .  0.13  0.01  0.10  0.02 
60  .  .  .  .  .  .  .  .  0.29  0.13  0.30  0.15 
70  .  .  .  .  .  .  .  .  0.21  0.05  0.18  0.06 
80  .  .  .  .  .  .  .  .  0.30  0.16  0.09  0.01 
90  .  .  .  .  .  .  .  .  0.16  0.00  0.28  0.16 
**0% 
100  .  .  .  .  .  .  .  .  0.25  0.04  .  . 
10  0.13  0.02  0.20  0.06  0.09  0.01  0.14  0.01  0.39  0.12  0.57  0.26 
20  0.15  0.02  0.35  0.20  0.62  0.54  0.13  0.00  0.18  0.03  0.60  0.15 
30  0.14  0.00  0.57  0.38  0.30  0.16  0.15  0.01  0.64  0.28  0.31  0.17 
40  0.13  0.03  0.31  0.12  0.32  0.12  0.16  0.01  0.31  0.06  0.17  0.07 
50  .  .  0.33  0.08  0.46  0.24  .  .  0.32  0.04  0.16  0.05 
60  .  .  0.48  0.22  0.46  0.19  .  .  0.91  0.51  0.17  0.04 
70  .  .  0.28  0.06  0.38  0.13  .  .  0.38  0.07  0.15  0.04 
80  .  .  0.84  0.51  0.79  0.43  .  .  0.38  0.08  0.19  0.05 
90  .  .  0.93  0.59  1.30  0.34  .  .  0.68  0.31  0.67  0.48 
3% 
100  .  .  0.34  0.10  .  .  .  .  1.14  0.59  .  . 
10  0.12  0.04  0.64  0.41  0.19  0.03  0.17  0.01  0.33  0.12  0.07  0.02 
20  0.15  0.01  0.39  0.14  0.55  0.22  0.18  0.01  0.33  0.15  0.17  0.09 
30  0.16  0.01  0.22  0.05  0.76  0.30  0.22  0.01  0.42  0.24  0.12  0.05 
40  0.14  0.01  0.52  0.30  0.66  0.34  0.23  0.02  0.32  0.13  0.32  0.12 
50  .  .  0.26  0.05  0.21  0.07  .  .  0.36  0.15  0.15  0.06 
60  .  .  0.28  0.05  0.14  0.02  .  .  0.48  0.20  0.36  0.22 
70  .  .  0.28  0.06  0.69  0.49  .  .  0.53  0.32  0.58  0.36 
80  .  .  0.44  0.12  0.22  0.08  .  .  0.43  0.19  0.18  0.08 
90  .  .  0.33  0.09  0.19  0.04  .  .  0.38  0.09  0.48  0.25 
8% 
100  .  .  0.36  0.13  .  .  .  .  0.40  0.24  .  . 
Means (n = 4) and standard errors (SE) are shown. 
*Significantly greater than the 10 cm depth within treatment and year P > 0.05 
** 0 % unaltered = control (residue sand) 
 
  Electrical conductivity over three years at the Pinjarra RDA is shown in Table 
4.13.  Ranges of EC values for each treatment were consistent at both RDA’s.  In 2006,  
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EC at Pinjarra ranged from 0.08 - 0.22 dS m
-1.  Although variability was also high at the 
Pinjarra site, EC increased with depth consistently. There were no statistical differences 
in EC among treatments.  In 2007, EC values in the upper 30 cm decreased relative to 
those in 2006, and higher values were recorded with depth.  In 2008, EC values are 
variable throughout the profiles.  
Table 4.13. Electrical conductivity of fertilized bauxite residue fines treatments at 
the Pinjarra field site over three years. 
Pinjarra RDA - EC 1:5 (dS m
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  0.10  0.01  0.11  0.04  0.55  0.24 
20  .  .  .  .  .  .  0.08  0.01  0.10  0.01  0.23  0.07 
30  .  .  .  .  .  .  0.11  0.02  0.20  0.05  0.27  0.12 
40  .  .  .  .  .  .  0.13  0.02  0.25  0.10  0.38  0.14 
50  .  .  .  .  .  .  .  .  0.27  0.03  0.25  0.06 
60  .  .  .  .  .  .  .  .  0.37  0.13  0.27  0.06 
70  .  .  .  .  .  .  .  .  0.38  0.14  0.23  0.03 
80  .  .  .  .  .  .  .  .  0.36  0.05  0.27  0.04 
90  .  .  .  .  .  .  .  .  0.42  0.08  0.48  0.16 
**0% 
100  .  .  .  .  .  .  .  .  0.53  0.19  .  . 
10  0.12  0.01  0.08  0.02  0.13  0.03  0.15  0.02  0.08  0.01  0.36  0.27 
20  0.12  0.01  0.09  0.01  0.27  0.13  0.13  0.02  0.12  0.01  0.18  0.06 
30  0.12  0.01  0.12  0.02  0.17  0.02  0.16  0.01  0.10  0.01  0.11  0.03 
40  0.12  0.01  0.15  0.02  0.26  0.07  0.16  0.02  0.14  0.02  0.57  0.26 
50  .  .  0.18  0.02  0.23  0.03  .  .  0.17  0.02  0.11  0.01 
60  .  .  0.29  0.10  0.27  0.04  .  .  0.21  0.02  0.14  0.03 
70  .  .  0.25  0.03  0.80  0.34  .  .  0.23*  0.02  0.21  0.09 
80  .  .  0.22  0.03  0.67  0.26  .  .  0.27*  0.04  0.16  0.02 
90  .  .  0.31  0.08  0.62  0.33  .  .  0.34*  0.08  0.28  0.12 
3% 
100  .  .  0.26  0.02  .  .  .  .  0.29*  0.03  .  . 
10  0.15  0.01  0.10  0.01  0.42  0.18  0.19  0.02  0.12  0.03  0.42  0.34 
20  0.13  0.01  0.14  0.03  0.24  0.03  0.20  0.04  0.18  0.09  0.11  0.01 
30  0.12  0.01  0.15  0.01  0.33  0.20  0.22  0.04  0.12  0.02  0.16  0.04 
40  0.12  0.01  0.38  0.16  0.28  0.12  0.19  0.02  0.14  0.02  0.46  0.37 
50  .  .  0.34  0.03  0.25  0.07  .  .  0.14  0.02  0.29  0.16 
60  .  .  0.30  0.05  0.30  0.08  .  .  0.40  0.23  0.15  0.02 
70  .  .  0.48*  0.08  0.32  0.09  .  .  0.22  0.05  0.18  0.06 
80  .  .  0.36  0.04  0.45  0.17  .  .  0.31  0.12  0.20  0.04 
90  .  .  0.35  0.08  0.34  0.09  .  .  0.27  0.07  0.99  0.71 
8% 
100  .  .  0.59*  0.14  .  .  .  .  0.39  0.01  .  . 
Means (n = 4) and standard errors (SE) are shown. 
*Significantly greater than the 10 cm depth, within treatment and year, P > 0.05 
** 0 % unaltered = control (residue sand) 
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4.4.2.3  Calcium 
  Extractable calcium concentrations for the Kwinana RDA field sites are shown 
in Table 4.14.  Calcium concentrations initially (6.17 - 7.23 cmol kg
-1) were similar for 
all treatments, except in the control which contained significantly less Ca (4.18 - 4.79 
cmol kg
-1).   
Table 4.14. Extractable calcium (NH4Cl at pH 8.5) of fertilized bauxite residue 
fines treatments at the Kwinana field site over three years. 
Kwinana RDA - Ca (cmol kg
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  4.18  0.07  2.72  0.49  1.07  0.18 
20  .  .  .  .  .  .  4.42  0.09  2.22  0.72  0.78  0.14 
30  .  .  .  .  .  .  4.22  0.26  2.98  1.73  0.99  0.26 
40  .  .  .  .  .  .  4.79  0.28  2.07  1.01  1.85  0.66 
50  .  .  .  .  .  .  .  .  1.17  0.39  1.49  0.65 
60  .  .  .  .  .  .  .  .  1.09  0.44  1.68  0.69 
70  .  .  .  .  .  .  .  .  1.07  0.34  0.67  0.21 
80  .  .  .  .  .  .  .  .  0.78  0.32  1.15  0.77 
90  .  .  .  .  .  .  .  .  0.66  0.15  0.65  0.36 
**0% 
100  .  .  .  .  .  .  .  .  0.81  0.26  .  . 
10  6.95  0.46  1.66  0.36  1.58  0.28  6.47  0.06  3.02  0.42  1.69  0.38 
20  6.78  0.26  2.07  0.59  2.04  0.75  6.67  0.40  2.07  0.67  1.05  0.14 
30  7.12  0.68  1.92  0.75  1.98  0.50  6.57  0.64  2.17  0.68  1.63  0.35 
40  6.44  0.75  1.17  0.37  1.79  0.40  6.17  0.04  1.32  0.49  0.70  0.26 
50  .  .  1.18  0.33  0.91  0.20  .  .  1.15  0.45  1.07  0.60 
60  .  .  1.54  0.55  1.30  0.74  .  .  1.63  0.87  0.80  0.33 
70  .  .  1.71  0.46  1.44  0.56  .  .  1.06  0.40  1.15  0.69 
80  .  .  2.08  0.65  3.03  0.80  .  .  0.37  0.05  0.55  0.25 
90  .  .  1.85  0.76  3.54  0.63  .  .  0.67  0.35  0.81  0.56 
3% 
100  .  .  0.68  0.24  .  .  .  .  1.77  1.45  .  . 
10  6.43  0.20  2.96  0.53  1.92  0.19  6.59  0.36  1.81  0.44  1.11  0.15 
20  6.44  0.14  2.88  0.62  2.56  0.54  6.69  0.18  1.77  0.65  1.39  0.31 
30  6.46  0.17  1.74  0.30  2.10  0.79  6.28  0.40  1.91  0.46  1.05  0.19 
40  6.15  0.20  1.82  0.61  2.09  0.63  7.23  0.12  0.89  0.32  1.44  0.31 
50  .  .  1.73  0.25  1.28  0.34  .  .  0.99  0.36  1.27  0.52 
60  .  .  2.29  0.56  0.91  0.25  .  .  1.95  0.85  1.31  0.58 
70  .  .  1.98  0.76  1.82  0.92  .  .  0.96  0.47  1.67  0.71 
80  .  .  1.73  0.37  0.94  0.36  .  .  1.03  0.41  0.65  0.28 
90  .  .  1.11  0.22  0.69  0.25  .  .  1.18  0.61  1.22  0.54 
8% 
100  .  .  0.77  0.18  .  .  .  .  0.70  0.31  .  . 
Means (n = 6) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
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In 2006, Ca concentrations were similar throughout the 40 cm depth profile within 
treatments but values were higher with fines additions than in the control.  In 2007, Ca 
concentrations tended to decrease with depth, while in 2008 the treatment profiles were 
similar at each depth.  Due to high variability from heterogeneous distribution of 
phosphogypsum, significant differences with depth were not apparent.  Overall 
concentrations of Ca decreased from 2006 - 2008 in all treatments. 
  Extractable Ca concentrations for the Pinjarra RDA field sites are shown in 
Table 4.15.  Calcium concentrations were initially greatest in the control (6.06 - 6.8 
cmol kg
-1) followed by unaltered (5.39 - 6.04 cmol kg
-1) and than the carbonated 
treatments all had similarly low values of 3.26 - 4.22 cmol kg
-1.  Concentrations tended 
to decrease with depth in the profiles.  Concentrations also decreased over time from 
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Table 4.15. Extractable calcium (NH4Cl at pH 8.5) of fertilized bauxite residue 
fines treatments at the Pinjarra field site over three years. 
Pinjarra RDA - Ca (cmol kg
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  6.11  0.51  1.89  0.24  2.44  0.61 
20  .  .  .  .  .  .  6.06  0.55  1.48  0.27  1.94  0.32 
30  .  .  .  .  .  .  6.65  0.99  1.91  0.54  1.44  0.30 
40  .  .  .  .  .  .  6.80  0.57  1.73  0.66  1.49  0.37 
50  .  .  .  .  .  .  .  .  1.95  0.52  1.05  0.46 
60  .  .  .  .  .  .  .  .  1.74  0.65  1.67  0.50 
70  .  .  .  .  .  .  .  .  1.29  0.54  0.79  0.17 
80  .  .  .  .  .  .  .  .  1.21  0.32  0.62*  0.19 
90  .  .  .  .  .  .  .  .  1.70  0.63  0.85  0.51 
**0% 
100  .  .  .  .  .  .  .  .  1.79  1.06  .  . 
10  3.47  0.11  1.57  0.10  1.47  0.12  4.01  0.17  2.02  0.14  1.75  0.34 
20  3.26  0.27  1.16  0.21  1.25  0.13  4.01  0.11  1.36*  0.23  1.37  0.40 
30  3.57  0.50  0.82  0.09  0.71  0.04  3.95  0.05  0.90*  0.18  1.19  0.35 
40  3.60  0.32  0.86  0.11  1.09  0.66  4.08  0.04  0.68*  0.06  1.32  0.56 
50  .  .  0.75  0.12  0.47  0.10  .  .  0.65*  0.06  0.47  0.07 
60  .  .  1.17  0.53  0.38  0.12  .  .  0.60*  0.04  5.63  5.27 
70  .  .  0.88  0.27  1.06  0.60  .  .  0.60*  0.04  1.04  0.53 
80  .  .  0.58  0.04  1.34  0.94  .  .  0.53*  0.04  0.33  0.05 
90  .  .  1.09  0.54  1.03  0.68  .  .  0.59*  0.10  1.06  0.40 
3% 
100  .  .  0.47*  0.04  .  .  .  .  0.66*  0.07  .  . 
10  4.05  0.24  2.18  0.22  1.57  0.15  5.88  1.15  1.56  0.35  2.10  0.60 
20  4.22  0.60  1.82  0.21  1.88  0.50  6.04  1.53  1.38  0.28  1.16  0.11 
30  3.93  0.32  1.24  0.16  1.33  0.44  5.71  1.06  0.79  0.09  0.98  0.16 
40  3.35  0.07  1.24  0.35  0.70  0.20  5.39  0.75  0.68  0.08  1.20  0.56 
50  .  .  1.14  0.11  0.99  0.65  .  .  0.58  0.05  1.11  0.46 
60  .  .  1.17  0.22  0.30*  0.03  .  .  0.96  0.37  0.45*  0.10 
70  .  .  1.21  0.18  0.29*  0.04  .  .  0.86  0.31  0.45*  0.14 
80  .  .  1.25  0.27  0.30*  0.05  .  .  0.76  0.25  0.38*  0.09 
90  .  .  0.93  0.23  0.28*  0.04  .  .  0.90  0.32  0.84  0.48 
8% 
100  .  .  1.75  0.87  .  .  .  .  2.36  1.34  .  . 
Means (n = 6) and standard errors (SE) are shown. 
*Significantly less than the 10 cm depth, within treatment and year P > 0.05 
** 0 % unaltered = control (residue sand) 
 
4.4.2.4  Magnesium 
  Extractable Mg concentrations at the Kwinana and Pinjarra RDA’s were very 
low regardless of treatment or depth, ranging from 0.02 - 0.13 cmol kg
-1 at both sites 
(Appendix 1, Tables 8.29 and 8.30).  No differences occurred by depth or between 
treatments, although already low concentrations tended to decrease over time.   
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4.4.2.5  Potassium 
  Concentrations of extractable K at the Kwinana RDA, over three years, are 
shown in Table 4.16.  In 2006, concentrations were not different among treatments and 
ranged from 0.11 - 0.27 cmol kg
-1 at the surface and tended to decrease with depth.  In 
2007, concentrations at 20 - 30 cm depth increased, but overall concentrations 
decreased with depth.   
Table 4.16. Extractable potassium (NH4Cl at pH 8.5) of fertilized bauxite residue 
fines treatments at the Kwinana field site over three years. 
Kwinana RDA - K (cmol kg
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  0.16  0.04  0.22  0.06  0.17  0.01 
20  .  .  .  .  .  .  0.07  0.01  0.24  0.05  0.20  0.05 
30  .  .  .  .  .  .  0.07  0.01  0.23  0.04  0.15  0.01 
40  .  .  .  .  .  .  0.05*  0.02  0.22  0.04  0.14  0.01 
50  .  .  .  .  .  .  .  .  0.17  0.02  0.14  0.01 
60  .  .  .  .  .  .  .  .  0.17  0.01  0.14  0.01 
70  .  .  .  .  .  .  .  .  0.15  0.01  0.15  0.01 
80  .  .  .  .  .  .  .  .  0.14  0.01  0.15  0.01 
90  .  .  .  .  .  .  .  .  0.13  0.01  0.14  0.01 
**0% 
100  .  .  .  .  .  .  .  .  0.13  0.01  .  . 
10  0.18  0.10  0.29  0.05  0.16  0.01  0.12  0.07  0.28  0.06  0.20  0.03 
20  0.04  0.01  0.31  0.05  0.16  0.01  0.07  0.03  0.25  0.06  0.17  0.02 
30  0.05  0.02  0.27  0.04  0.15  0.01  0.05  0.01  0.21  0.03  0.19  0.03 
40  0.03  0.01  0.17*  0.02  0.15  0.01  0.04  0.01  0.16  0.01  0.22  0.02 
50  .  .  0.13*  0.01  0.15  0.01  .  .  0.15*  0.01  0.18  0.02 
60  .  .  0.12*  0.01  0.15  0.01  .  .  0.15*  0.01  0.18  0.02 
70  .  .  0.12*  0.01  0.15  0.01  .  .  0.14*  0.01  0.17  0.01 
80  .  .  0.12*  0.01  0.14  0.01  .  .  0.14*  0.01  0.15  0.01 
90  .  .  0.12*  0.01  0.15  0.03  .  .  0.13*  0.01  0.15  0.01 
3% 
100  .  .  0.12*  0.01  .  .  .  .  0.13*  0.01  .  . 
10  0.11  0.08  0.25  0.04  0.16  0.01  0.27  0.15  0.22  0.02  0.20  0.03 
20  0.03  0.01  0.33  0.08  0.16  0.01  0.11  0.07  0.21  0.05  0.24  0.04 
30  0.02  0.01  0.19  0.04  0.15  0.01  0.08  0.02  0.21  0.04  0.20  0.03 
40  0.02  .  0.14*  0.01  0.15  0.01  0.04  0.01  0.18  0.02  0.18  0.03 
50  .  .  0.13*  0.01  0.14  0.01  .  .  0.18  0.02  0.18  0.03 
60  .  .  0.12*  0.01  0.15  0.01  .  .  0.18  0.03  0.16  0.01 
70  .  .  0.13*  0.01  0.16  0.01  .  .  0.16  0.01  0.14  0.01 
80  .  .  0.12*  0.01  0.15  0.01  .  .  0.15  0.01  0.15  0.01 
90  .  .  0.13*  0.01  0.14  0.01  .  .  0.15  0.01  0.15  0.01 
8% 
100  .  .  0.13*  0.01  .  .  .  .  0.15  0.01  .  . 
Means (n = 6) and standard errors (SE) are shown. 
*Significantly less than the 10 cm depth within treatment and year P > 0.05 
** 0 % unaltered = control (residue sand)  
  124 
  Concentrations tended to decrease in the upper 30 cm between 2007 and 2008.  
By 2008, no significant differences were found in extractable K with depth or among 
treatments, but values at > 10 cm depth had increased substantially over the two year 
period.   
  Concentrations of extractable K at the Pinjarra RDA are shown in Table 4.17.   
Table 4.17. Extractable potassium (NH4Cl at pH 8.5) of fertilized bauxite residue 
fines treatments at the Pinjarra field site over three years. 
Pinjarra RDA - K (cmol kg
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  0.09  0.01  0.31  0.03  0.17  0.01 
20  .  .  .  .  .  .  0.07  0.01  0.31  0.05  0.20  0.02 
30  .  .  .  .  .  .  0.10  0.03  0.25  0.03  0.18  0.01 
40  .  .  .  .  .  .  0.07  0.02  0.22  0.02  0.21  0.04 
50  .  .  .  .  .  .  .  .  0.20  0.02  0.16  0.01 
60  .  .  .  .  .  .  .  .  0.20  0.02  0.14  0.01 
70  .  .  .  .  .  .  .  .  0.22  0.03  0.14  0.01 
80  .  .  .  .  .  .  .  .  0.20  0.02  0.14  0.01 
90  .  .  .  .  .  .  .  .  0.18*  0.01  0.13  0.01 
**0% 
100  .  .  .  .  .  .  .  .  0.18*  0.01  .  . 
10  0.35  0.08  0.43  0.08  0.17  0.01  0.16  0.05  0.23  0.02  0.21  0.02 
20  0.31  0.19  0.57  0.14  0.21  0.03  0.12  0.04  0.29  0.08  0.21  0.02 
30  0.35  0.24  0.49  0.09  0.19  0.03  0.09  0.04  0.28  0.09  0.23  0.02 
40  0.19  0.10  0.32  0.06  0.18  0.03  0.08  0.03  0.23  0.07  0.20  0.03 
50  .  .  0.22  0.04  0.17  0.03  .  .  0.19  0.05  0.23  0.03 
60  .  .  0.16  0.01  0.14  0.01  .  .  0.15  0.02  0.18  0.02 
70  .  .  0.15*  0.01  0.13  0.01  .  .  0.14  0.01  0.15  0.01 
80  .  .  0.15*  0.01  0.13  0.01  .  .  0.14  0.01  0.14  0.01 
90  .  .  0.15*  0.01  0.13  0.01  .  .  0.13*  0.01  0.14  0.01 
3% 
100  .  .  0.14*  0.01  .  .  .  .  0.13*  0.01  .  . 
10  0.53  0.07  0.28  0.02  0.18  0.02  0.34  0.04  0.18  0.02  0.15  0.01 
20  0.47  0.08  0.31  0.05  0.18  0.02  0.44  0.04  0.18  0.03  0.17  0.01 
30  0.34  0.07  0.23  0.04  0.22  0.05  0.46  0.33  0.18  0.03  0.17  0.01 
40  0.31  0.13  0.20  0.03  0.18  0.04  0.31  0.04  0.17  0.03  0.15  0.01 
50  .  .  0.15*  0.01  0.16  0.03  .  .  0.15  0.02  0.14  0.01 
60  .  .  0.14*  0.01  0.13  0.01  .  .  0.15  0.04  0.14  0.01 
70  .  .  0.13*  0.01  0.13  0.01  .  .  0.15  0.03  0.13  0.01 
80  .  .  0.13*  0.01  0.13  0.01  .  .  0.15  0.02  0.12  0.01 
90  .  .  0.13*  0.01  0.13  0.01  .  .  0.14  0.01  0.12  0.01 
8% 
100  .  .  0.14*  0.01  .  .  .  .  0.12  0.01  .  . 
Means (n = 6) and standard errors (SE) are shown. 
*Significantly less than the 10 cm depth within treatment and year P > 0.05 
** 0 % unaltered = control (residue sand) 
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  Initially in 2006 concentrations of K were significantly lower in the control 
compared to all other treatments, except the unaltered 3 % fines addition.  Overall, 
initial K concentrations ranged from 0.07 - 0.53 cmol kg
-1.  In 2007, higher K 
concentrations were found in the control and 3 % fines additions, while the 8 % fines 
additions decreased extractable K.  As at the Kwinana RDA, K concentrations 
decreased with depth during the 2007 sampling.  Also, concentrations tended to 
decrease from 2007 to 2008 in the upper 30 cm, and tended to decrease with depth.  No 
differences among treatments occurred in the 2008 profile.  However, extractable K had 
increased substantially in control profiles from 2006 to 2008, but not in the fines 
additions treatments.  Indeed, the K concentrations in the profiles to 100 cm depth in 
2008 were relatively similar among treatments. 
4.4.2.6  Sodium 
  Extractable forms of Na at the Kwinana RDA field sites are shown in Table 
4.18.  Initially in 2006, concentrations in all treatments were not significantly different 
from the control and overall ranged from 2.99 - 6.00 cmol kg
-1.  Concentrations 
decreased between 2006 and 2007, in the upper 30 cm for all treatments, except the 8 % 
fines additions.  Concentrations in 2007, ranged from 1.99 - 11.74 cmol kg
-1.  
Concentrations also tended to decrease between 2007 and 2008 for all treatments at 
most depths.  In 2008, concentrations ranged from 2.16 - 7.16 cmol kg
-1.  Sodium 
concentrations increased with depth, in the 2007 and 2008 samplings, for all treatments.  
By 2008, Na concentrations had decreased to 1/2 of 2006 values in the upper 30 cm.  At 
depths below ~ 60 cm, Na concentrations were similar too or greater than those in 2006 
(0 - 40 cm) reflecting the leaching of Na from the 0 – 30 depths down the profile (> 60 
cm).   
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Table 4.18. Extractable sodium (NH4Cl at pH 8.5) of fertilized bauxite residue 
fines treatments at the Kwinana field site over three years. 
Kwinana RDA - Na (cmol kg
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  3.76  0.22  2.83  1.46  2.16  0.09 
20  .  .  .  .  .  .  4.18  0.25  1.99  0.41  2.18  0.15 
30  .  .  .  .  .  .  4.28  0.44  2.71  0.30  2.24  0.05 
40  .  .  .  .  .  .  4.33  0.01  3.64  0.45  2.42  0.16 
50  .  .  .  .  .  .  .  .  3.96  0.39  2.79  0.30 
60  .  .  .  .  .  .  .  .  4.16  0.34  3.23  0.39 
70  .  .  .  .  .  .  .  .  4.54  0.33  3.44*  0.43 
80  .  .  .  .  .  .  .  .  4.86*  0.26  3.58*  0.29 
90  .  .  .  .  .  .  .  .  5.27*  0.45  3.99*  0.37 
**0% 
100  .  .  .  .  .  .  .  .  5.17*  0.64  .  . 
10  2.99  0.36  2.33  0.48  2.16  0.10  3.70  0.49  2.90  0.45  2.65  0.27 
20  3.99  0.17  2.49  0.36  2.21  0.10  4.40  0.66  3.07  0.49  2.62  0.20 
30  3.86  0.42  3.64  0.68  2.45  0.17  4.96  0.15  3.66  0.73  3.11  0.34 
40  3.55  0.40  3.81  0.37  2.82  0.18  4.62  0.03  5.13  0.89  4.02  0.42 
50  .  .  4.22  0.38  3.06  0.20  .  .  5.42  0.72  4.25  0.74 
60  .  .  4.69  0.54  3.43  0.27  .  .  7.48*  0.91  5.01  0.84 
70  .  .  5.38*  0.77  3.81  0.41  .  .  6.76*  0.75  5.44  1.11 
80  .  .  4.86*  0.49  4.75*  1.03  .  .  7.60*  0.53  5.68*  0.94 
90  .  .  5.59*  0.76  4.34*  0.38  .  .  8.53*  0.67  6.17*  0.88 
3% 
100  .  .  6.18*  0.53  .  .  .  .  9.06*  0.75  .  . 
10  3.90  0.43  2.30  0.26  2.45  0.05  4.65  0.23  5.97  1.21  2.59  0.18 
20  4.45  0.23  5.12  1.14  2.68  0.07  5.97  0.75  6.32  0.94  3.03  0.21 
30  4.33  0.09  4.05  0.43  2.62  0.15  5.95  0.01  7.95  1.52  3.17  0.21 
40  4.99  0.29  4.89  0.78  3.58  0.43  6.00  0.02  9.35  2.79  4.28  0.33 
50  .  .  5.35  0.77  3.84  0.57  .  .  7.89  1.08  4.10  0.56 
60  .  .  5.53*  0.49  3.32  0.19  .  .  9.14  0.71  4.37  0.73 
70  .  .  5.82*  0.72  3.93  0.27  .  .  9.55  0.81  5.91  2.07 
80  .  .  6.35*  0.73  4.48*  0.55  .  .  9.37  1.06  4.72  1.00 
90  .  .  7.98*  1.07  4.75*  0.51  .  .  10.77  0.91  7.16  2.13 
8% 
100  .  .  6.23*  0.54  .  .  .  .  11.74  2.50  .  . 
Means (n = 6) and standard errors (SE) are shown. 
*Significantly greater than the 10 cm depth within treatment and year P > 0.05 
** 0 % unaltered = control (residue sand) 
 
 
  Concentrations of extractable Na at the Pinjarra RDA, over three sampling 
years, are shown in Table 4.19.  Initially concentrations ranged from 3.93 - 8.52 cmol 
kg
-1.  Initial concentrations in the unaltered 3 and 8 % were significantly greater than 
the control in 2006.  No significant differences occurred in 2007 or 2008 among 
treatments.  In all treatments, concentrations of Na increased with depth in the profile, 
during the 2007 and 2008 samplings.  Concentrations of Na decreased in the upper 30  
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cm for all treatments from 2006 to 2007.  Decreases occurred between 2007 and 2008 in 
all treatments, at most depths.  Trends similar to the Kwinana site occurred with Na 
concentrations having decreased to 1/2 of 2006 values in the upper 30 cm.  Sodium 
concentrations in depths below 40 cm were similar to or greater than concentrations 
measured in 2006 at depths between 0 - 40 cm. 
Table 4.19. Extractable sodium (NH4Cl at pH 8.5) of fertilized bauxite residue 
fines treatments at the Pinjarra field site over three years. 
Pinjarra RDA - Na (cmol kg
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008 
Fines  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  3.93  0.78  2.02  0.29  2.19  0.04 
20  .  .  .  .  .  .  4.05  0.54  2.97  0.45  2.36  0.13 
30  .  .  .  .  .  .  3.91  0.51  3.52  0.47  2.54  0.10 
40  .  .  .  .  .  .  3.90  1.47  4.57  0.49  2.94  0.13 
50  .  .  .  .  .  .  .  .  5.24  0.53  3.70*  0.26 
60  .  .  .  .  .  .  .  .  6.44*  0.93  3.44*  0.48 
70  .  .  .  .  .  .  .  .  7.28*  0.99  4.08*  0.42 
80  .  .  .  .  .  .  .  .  7.83*  0.95  4.46*  0.43 
90  .  .  .  .  .  .  .  .  7.86*  1.13  5.13*  0.23 
**0% 
100  .  .  .  .  .  .  .  .  8.52*  1.33  .  . 
10  5.55  0.37  2.24  0.20  2.45  0.15  6.27  0.04  3.03  1.02  2.39  0.06 
20  6.04  0.31  3.26  0.30  2.71  0.15  6.22  0.06  3.03  0.44  2.77  0.16 
30  5.89  0.29  4.40*  0.40  3.23  0.11  6.39  0.16  4.46  0.64  3.20  0.28 
40  5.75  0.34  4.92*  0.31  3.73*  0.11  6.42  0.02  6.70*  1.21  3.93*  0.50 
50  .  .  5.65*  0.52  3.99*  0.24  .  .  6.78*  0.62  4.83*  0.44 
60  .  .  6.49*  0.66  4.54*  0.25  .  .  6.96*  0.29  4.31*  0.33 
70  .  .  6.35*  0.70  4.69*  0.28  .  .  7.25*  0.53  4.77*  0.28 
80  .  .  6.99*  0.50  4.60*  0.23  .  .  8.24*  0.69  5.01*  0.28 
90  .  .  7.10*  0.51  4.66*  0.30  .  .  8.44*  0.88  4.95*  0.36 
3% 
100  .  .  8.09*  0.71  .  .  .  .  8.84*  0.83  .  . 
10  4.64  0.19  2.30  0.32  2.94  0.53  6.85  2.03  3.34  1.18  2.36  0.07 
20  4.72  0.55  2.91  0.19  2.91  0.17  6.94  1.36  2.56  0.18  3.00  0.32 
30  4.94  0.01  3.96  0.29  3.99  0.38  7.31  0.27  4.14  0.42  3.38  0.32 
40  4.91  0.09  5.04*  0.12  3.55  0.14  8.52  0.20  4.72  0.38  4.08  0.49 
50  .  .  5.24*  0.43  4.63*  0.36  .  .  5.12  0.14  4.28  0.43 
60  .  .  5.68*  0.57  4.89*  0.29  .  .  5.73*  0.19  4.43  0.47 
70  .  .  6.23*  0.78  4.86*  0.18  .  .  6.17*  0.51  5.18  0.60 
80  .  .  6.09*  0.62  4.80*  0.22  .  .  7.02*  0.45  5.65*  0.74 
90  .  .  7.57*  1.09  5.47*  0.31  .  .  6.67*  0.39  7.02*  1.53 
8% 
100  .  .  7.65*  0.91  .  .  .  .  6.17*  0.15  .  . 
Means (n = 6) and standard errors (SE) are shown. 
*Significantly greater than the 10 cm depth within treatment and year P > 0.05 
** 0 % unaltered = control (residue sand) 
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4.5  Discussion 
  Evaluation of the bauxite residue fines treatments found initial conditions in the 
growth media were harsh for plant growth and multiple nutrient deficiencies were 
predicted regardless of the treatment.  However, additions of fines did increase nutrients 
and nutrient retention within the growth media and many of the adverse characteristics 
that occurred initially, were ameliorated with phosphogypsum and fertilizer additions 
and freshwater leaching.   
  Initially residue fines and fresh residue sands had adverse characteristics mainly 
associated with high Na and OH concentrations.  But after fresh water leaching, the 
mixed products of residue fines with sand, including phosphogypsum and fertilizer, 
showed positive changes in chemical characteristics when compared with residue sand 
alone.  But, conditions within the growth media still had high initial ESP values ranging 
from 7 to 34, in which all treatments would be considered at least marginally sodic 
(Shaw 1999).   
  Increases in many plant nutrients (P, K, S, Ca, Mg, and B) were evident, during 
the initial growth media sampling, coinciding with increased rates of residue fines 
additions.  Seawater residue fines treatments showed the greatest increases in plant 
nutrients, mostly due to increased levels of Mg, Ca, K and B introduced to the fines 
from the seawater during the fines processing.  Carbonated and unaltered treatments 
also had significant improvements in concentrations of extractable S and P, particularly 
in the 10 and 20 % fines treatments.  Final concentrations reflected these initial inputs 
and the cation saturation percentages also showed some ability of the fines to retain 
nutrients, with exchangeable K concentrations increasing in all treatments.    
  Residue fines treatments did increase essential nutrient levels in the growth 
media, but four essential nutrients (P, K, Mg, and B) measured may still be marginally 
deficient for healthy plant growth of many species.  There is little to no information  
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published on soil nutrient concentrations required to support native vegetation in 
Australia or for Acacia saligna specifically, but critical ranges for crop growth provides 
some guidelines (Table 4.20).  These findings of potential nutrient deficiencies are in 
agreement with past studies of residue sand rehabilitation which have found similar 
deficiencies even after heavy fertilizer additions (Eastham and Morald 2006).  In 
particular, exchangeable Mg and B may be limiting nutrients with concentrations 
mostly being inadequate apart from the seawater residue fines treatments (5 - 20 % 
additions).  
Table 4.20. Growth media nutrient concentrations in bauxite residue fines 
treatments compared to soil critical concentrations for crop growth. 
Nutrient  Measured 
Concentration range  Level  Critical range for crop 
growth  Reference: 
P  19 - 63 mg kg
-1  Marginal  5 - 76 mg kg
-1  (Moody and Bolland 
1999) 
K  24 - 115 mg kg
-1  Marginal  5 - 350 mg kg
-1  (Gourley 1999) 
S  291 - 1250 mg kg
-1  Adequate  < 1 - 12 mg kg
-1  (Lewis 1999) 
Exchangeable 
Ca  7.14 - 11.9 cmol kg
-1  Adequate  0.44 - 5 cmol kg
-1  (Bruce 1999) 
Exchangeable 
Mg  0.02 - 1.34 cmol kg
-1  Marginal   0.1 - 0.44 cmol kg




0.1 - 2.28 cmol kg
-1  Marginal  0.07 – 0.75 cmol kg
-1  (Gourley 1999) 
B  0.10 - 1.3 mg kg
-1  Marginal  0.20 - 1.0 mg kg
-1  (Bell 1999b) 
 
Final conditions in the growth media showed multiple possible nutrient deficiencies, 
although growth conditions mostly improved due to decreases in the salt content from 
freshwater leaching.  Of greatest significance was the large decrease in Na 
concentrations in all fines addition treatments.  A complication to final growth 
conditions is the finding that pH increased with freshwater leaching in all treatments, 
except the seawater fines treatments.  It is possible that in addition too normal 
hydrolysis of a sodic soil in pure water, there is a significant source of OH is being 
released from the desilicate product (DSP) found in the residue fines (Mattinson 2004).  
The seawater fines treatments may be buffered from the release of alkalinity due to the 
substantial amounts of Ca and Mg precipitates which occur from the pretreatment  
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(Hanahan et al. 2004).  There were also elevated Fe and Al concentrations in the growth 
media of all fines treatments, but it is unlikely these are at levels which will adversely 
affect plant growth conditions.   
  In the field, there was no opportunity to assess the effects of seawater 
treatments.  By limiting fines to 3 and 8 % additions of carbonated and unaltered, this 
reduced the risk of introducing excessive Na, but also limited the potential for 
significant differences between treatments.  Overall, carbonated fines were chemically 
similar to unaltered fines and an evaluation of the benefits of seawater treated fines in 
field studies would be worth exploring.   
  Mechanical mixing of profiles 2 m deep was a limitation for the field evaluation 
of fines additions, due to variability in mixing.  Nevertheless, important data was 
collected on the movement of Na in the profile over three years and changes in pH and 
Ca concentrations.  In the short term pH increased, as it did during the glasshouse study, 
but then decreased during the second year.  The initial increase may be due to the 
removal of the buffer capacity from the phosphogypsum because of dissolution and 
leaching from the upper depths.  After the loss of phosphogypsum the pH would have 
increased initially, possibly due to OH being released from DSP, followed by a slow 
decrease as the remaining Na and alkalinity is leached down the profile.   
  After construction of the sites in June 2006, there was an estimated 146 mm of 
rainfall that had leached prior to sampling in 2007.  This leaching resulted in Na 
decreasing from the upper 30 cm of the profile, by up to 40 % at Kwinana RDA and up 
to 50 % at the Pinjarra RDA.  By the 2008 sampling period, approximately 210 mm of 
additional rainfall leaching would have occurred, resulting in further significant Na loss 
throughout the entire profile.  Data from the Kwinana and Pinjarra RDAs illustrates the 
movement of Na down the profile and the significant reductions which occur with 
minimal leaching.    
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  Calcium concentrations within growth media profiles also decreased from 2006 
to 2008.  Concentrations were decreased by 50 % or greater over the first year and 
decreased to approximately 25 % of the initial concentrations by the second year’s 
sampling period.  Initially, ~ 1/3 of the extractable (soluble + exchangeable) Ca was the 
soluble portion, as seen in the glasshouse (Table 4.1), and this portion would have been 
lost in the upper 30 cm rather easily from freshwater leaching.  During the second year, 
any remaining soluble Ca would have been lost in the upper 30 cm, and there may have 
been some exchange on charge sites by residual Na displacing Ca, further reducing Ca 
concentrations.   
  As in the glasshouse, Mg in the field was very low in all treatments regardless of 
depth and tended to decrease over time.  Potassium increased in the field, during the 
short term, just as it did in the glasshouse.  This initial increase is likely due to K, from 
dissolution of fertilizer, displacing Na on exchange sites.  But, during the second year K 
concentrations decreased.  Residual Na or Ca from dissolution of phosphogypsum may 
be leaching down the profile displacing the K from exchange sites, thus decreasing the 
concentration during the second sampling.  Although there was increased K retention in 
the glasshouse study there was not sufficient data from the field to support the 
hypothesis that 3 or 8 % additions of fines significantly increased the retention capacity 
of the residue growth media layer.  
  The glasshouse and field studies have shown that addition of fines increased 
some nutrients; particularly from the addition of seawater fines which introduced much 
needed Mg and B.  But overall, growth conditions were still harsh for plants, due to 
high Na and pH, and many nutrients were low relative to plant requirements even with 
increased nutrient retention from fines.  Although additions of fines may not have 
corrected the nutrient deficiencies and growth conditions in the growth media, the role 
of fines in the long term development and retention of nutrients stores is very important.   
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Researchers have predicted that it will take 5 years for residue sand to accumulate 5 g C 
kg
-1 soil, in the 0 - 10 cm depth increment, and a further 295 years to reach 50 g C kg
-1 
soil (Jasper et al. 2000).  However, the accumulation of C in soils depends strongly on 
the clay content, which is very low (< 2 %) in residue sand.  Additions of fines 
materials will improve the sands abilities to retain nutrients and store C through 
aggregation with clay particles and organic matter during the formation of soil macro- 
and microaggregates (Stevenson 1994; Wagner et al. 2007).  
4.6  Conclusions 
  Initially residue fines additions treatments had adverse characteristics mainly 
associated with high Na and OH concentrations.  Amendment with phosphogypsum and 
freshwater leaching greatly improved growth conditions in treatments, although profiles 
were still at least marginally sodic.  Additions of residue fines increased important plant 
essential nutrients (P, K, S, Ca, Mg, and B) in the treatments, although these nutrients 
were still marginal for sustainable plant growth.  But with these necessary nutrients, 
concentrations of Na also were increased in fines additions treatments, which may be 
offsetting the benefits of fines additions, at least in the short term.  Sodium was readily 
lost from the profile, due to highly soluble forms and the displacement from exchange 
sites by Ca and K during leaching.  In the field, nutrient differences were not apparent 
among treatments, but the significant movement of Na down the profile was recorded, 
as was the movement of Ca from phosphogypsum dissolution and translocation.  Fines 
additions did retain greater K on exchange sites, thus reflecting some increased nutrient 
retention capacity over using only residue sand as the rehabilitation media.          
  Based on data presented in this chapter the incorporation of residue fines does 
increase nutrient concentrations and the ability of the growth media to retain nutrients.  
But, many adverse affects are associated with the additions of residue fines.  It is 
suggested that although the short term adverse effects of Na and OH from fines  
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additions are negatively affecting the growth media’s ability to support vegetation; over 
the long term (> 3 years), the introduced clay particles from the fines may increase the 
rate of development of soil aggregates.  This coupled with the introduced nutrients and 
increased nutrient retention from fines additions should result in a net positive result on 
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Chapter 5  Growth Media Nutrients and Nutrient Retention: Part 2 – 
Leaching, Movement and Retention of Cations. 
5.1  Introduction 
  Freshly deposited bauxite residue contains negligible concentrations of essential 
plant available nutrient cations such as Ca, Mg and K, while having excessive 
concentrations of Na.  These properties can be attributed to the fact that residue is 
derived from bauxite ore that was crushed and processed using the Bayer process 
exposing the elements to caustic soda (NaOH) at elevated temperatures (> 140 - 270 
°C).  This processing results in characteristics of fresh residue which need amelioration 
prior to use as a growth media for planting vegetation.  Adverse characteristics include 
high pH, salinity, sodicity, and alkalinity.  Without proper rehabilitation management 
these characteristics would severely impede vegetative growth in residue materials.   
  Sands are utilized as the growth media for vegetation of embankments and 
capping layers on residue disposal areas because of their greater hydraulic conductivity 
which results in high rates of leaching, and thus a rapid decline in salinity, compared to 
residue fines.  Many studies have attempted to address the initial chemical problems in 
bauxite residues with additions of gypsum or phosphogypsum in conjunction with 
freshwater leaching to correct alkalinity and sodicity (Gupta and Singh 1988; Wong and 
Ho 1988; Wong and Ho 1991; 1993; Polcaro et al. 2000; Eastman and Mullins 2004; 
Kopittke et al. 2004), but residual Na appears to be a major constraint.  Leaching assists 
in reducing the salinity and sodicity of the sand, but also removes the necessary plant 
nutrients of Ca, Mg and K even with high rates of inorganic fertilizer additions 
(Eastham and Morald 2006).  Multiple studies have found low or deficient Ca, Mg or K 
in rehabilitation of residue sands (Meecham and Bell 1977a; Fuller et al. 1982; Bell et 
al. 1997; Courtney and Timpson 2004; Eastham and Morald 2006; Eastham et al. 2006).    
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  For residue rehabilitation to successfully vegetate the embankments and capping 
layers, an understanding of the concentrations, movement, leaching and loss of cations 
in the growth media needs to be developed.  This knowledge will assist in the 
development of rehabilitation management for phosphogypsum and fertilizer additions, 
as well as, leaching regimes of the growth media to solve nutrient deficiency issues.  
Due to the lack of organic matter and limited options to introduce organic amendments, 
additions of residue fines may be effective as an alternative to alter texture and improve 
the retention of nutrients.     
  Additions of altered residue fines to residue sands may increase nutrient 
retention within the growth media, while introducing the essential nutrients Ca, Mg, and 
K (Hanahan et al. 2004; Menzies et al. 2004).  Research in agricultural soils have shown 
fines additions to sandy soils increase nutrient retention capacity (Vlahos et al. 1989; 
Summers et al. 1993; Summers et al. 1996b; Snars et al. 2003; Croker et al. 2004; 
Berthelsen et al. 2005; Soda et al. 2006).     
5.2  Background 
  Additions of residue fines to sands will have a significant impact on 
concentrations and retention of cations, due to the mineralogical differences between 
the sands and fines.  Bauxite residue sand processed in Western Australia consists of 
quartz (58 %), hematite (22 %), gibbsite (7 %), goethite (5 %), anatase (~ 1 %), DSP (~ 
1 %), muscovite (~ 1 %) and boehmite (~ 0.3 %) (Phillips 2006).  With over half of the 
mineral make up being inert quartz particles, residue sand has limitations in charged 
surfaces capable of retaining nutrients.  In bauxite residue fines, the major of 
constituents in descending order, are goethite (24 %), quartz (21 %), hematite (12 %), 
DSP (11 %), TCA6 (8 %), muscovite (7 %), anatase (3 %), boehmite (3 %), calcite (2 
%), and gibbsite (1 %) (Phillips 2006).  The two most reactive minerals are DSP and 
TCA6, both by-products of the Bayer process.  Desilication product (DSP) is a series of  
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zeolites including sodalite (Na8Al6Si6O24Cl2), cancrinite (Na7CaAl6Si6O24(CO3)2) and 
nosean (Na8Al6Si6O24(SO4)), all of which contains significant Na within the crystalline 
structures (Wong and Ho 1995).  Zeolites are known for their large porous structures 
which can have Al
3+ substituting for Si
4+ within the crystalline structure.  Isomorphic 
substitution of Al
3+ for Si
4+ results in a charge imbalance which is satisfied by hydrated 
cations at the surface and this accounts for high cation exchange capacities (220 - 568 
cmol kg
-1) (Essington 2004).  In the case of DSP, the charge imbalance in the zeolites is 
satisfied by Na.   
  Tricalcium alumina (TCA6) (3CaO * Al2O3* 6 H2O) is a by-product of lime 
additions for removal of impurities in dilute pregnant liquors before recovery.  The 
overall formation of TCA6 is represented by: 
  3 Ca(OH)2 + 2 NaAl(OH)4 ↔ 3 CaO * Al2O3 * 6 H2O(s) + 2 NaOH 
This product reacts with carbonate species in residue as follows: 
3 CaO * Al2O3 * 6 H2O(s) + 6 NaHCO3 ↔ 3 CaCO3 + 2 Al(OH)3 + 3 Na2CO3 + 6 H2O 
3 CaO * Al2O3 * 6 H2O(s) + 3 Na2CO3 ↔ 3 CaCO3 + 2 NaAl(OH)4 + 4 NaOH 
  Thus, 1 mole of TCA6 produces 4 moles NaOH, which then disassociates to 
increase Na
 and OH
- in solution and increases pH.  Hence, TCA6 represents a pool of 
potential alkalinity in bauxite fines, which may continue to generate soluble alkalinity 
for a long time (Phillips 2006).  
  Different pretreatments (carbonation or seawater washing) of fines results in 
different concentrations of cations within the fines.  It is hypothesized that additions of 
fines to sands will have different impacts on cation concentrations depending upon the 
pretreatment of the fines.  Carbonation treatment of residue fines which occurs by 
passing concentrated CO2 through a slurry of residue fines (Cooling et al. 2002; Jones et 
al. 2006), results in high CaCO3 content and low soluble Ca.  But, carbonation also 
results in lowered water soluble alkalinity and lowered soluble Na due to CO2 reacting  
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with OH
- to form HCO3
- which then precipitates with soluble and exchangeable Na to 
form NaHCO3 which is a building block to form more stable complexes (Cooling et al. 
2002; Jones et al. 2006).  By carbonating the residue fines, the soluble Na and Ca 
concentrations are lowered, but it is not known whether Mg and K will remain available 
when added to residue sand. 
    Seawater washing pretreatment reduces the relative Na concentrations in residue 
fines, by reactions with soluble minerals in the seawater, thus precipitating Na as 
possibly Na2SO4 or Na2CO3 or larger minerals such as sodalite or nosean.  Reductions 
in water soluble alkalinity also occur, due to removal of hydroxide ions into formations 
of Mg and Ca hydroxides and hydroxycarbonates (McConchie et al. 2000).  Introduced 
cations from the seawater washing pretreatment have also displaced Na from exchange 
sites (Hanahan et al. 2004; Menzies et al. 2004; Wehr et al. 2006).  The storage of the 
additional soluble cations, not on exchange sites, comes from salt precipitation during 







+) which constitute greater than 99 % of the total dissolved salts 
(35 g kg
-1) in seawater (Anthoni 2006) (Table 5.1). 
Table 5.1. Composition of seawater. 
Element  *mg L
-1  g kg-
1  cmol kg
-1 
Density (g mL
-1)  1.023  -  - 
pH (log units)  8.1 - 8.3  -  - 
Chloride  19790  19.4  54.6 
Sodium (Na)  11050  10.8  46.9 
Magnesium (Mg)  1330  1.29  5.28 
Sulfate (SO4
2-) - S  2773  0.904  0.941 
Calcium (Ca)  422  0.411  1.03 
Potassium (K)  416  0.392  1.02 
Alkalinity (Na2CO3)  130  0.127  0.119 
Aluminium (Al)  0.005  < 0.001  - 
Copper (Cu)  0.003  < 0.001  - 
Iron (Fe)  0.003  < 0.001  - 
Manganese (Mn)  0.002  < 0.001  - 
Zinc (Zn)  0.005  < 0.001  - 
*Data taken from (Turekain 1968) 
 
  This precipitation during pretreatment greatly affects the chemical composition 
of the seawater fines (Hanahan et al. 2004).  Table 5.2 lists the concentrations of cations 
and important elements in seawater neutralized (seawater washed) residue fines.    
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Table 5.2. Elemental composition of seawater neutralized residue fines (red mud) 
from aqua regia digest and ICP-MS analysis. 
Analyte  g kg
-1 
Aluminum (Al)  56.6 
Calcium (Ca)  30.4 
Copper (Cu)  0.02 
Iron (Fe)  218 
Magnesium (Mg)  9.76 
Manganese (Mn)  0.19 
Sodium (Na)  104 
Zinc (Zn)  0.06 
*Data sourced from (Hanahan et al. 2004) 
  Due to the proportional decreases in Na and increases in Ca, Mg, and K, 
seawater washed residue fines have lower ESP and greater concentrations of plant 
available cations on exchange sites.  Seawater washed residue fines also have 
significantly greater acid neutralization capacity compared to unaltered fines due to 
precipitation of alkaline Ca and Mg compounds (Hanahan et al. 2004).   
  In an attempt to begin building a soil system, the residue sand growth media 
receives a series of anthropogenic inputs at Alcoa’s residue disposal areas.  These 
include phosphogypsum and inorganic fertilizers.  Phosphogypsum is added to increase 
removal of Na from the profile through cation exchange by Ca after dissolution and to 
reduce pH.  Inorganic fertilizers (Table 2.2) are added as an amendment at high rates to 
create a stock of plant available nutrients. 
  Cation availability and mobility depends on many factors including: pH, 
solution chemistry, texture, and clay mineralogy.  Available cations are measured as 
either water soluble (from saturated paste), extractable or exchangeable forms.  Water 
soluble cations represent the cations in the soil solution.  Extractable cations are the sum 
of soluble and exchangeable cations.  In this thesis they are extracted with an alkaline 
solution to represent the possible growth media solution chemistry present under the 
residue growth media conditions.  Extractable cations also represent plant available 
cations, both readily soluble and on exchange sites of charge particles.  Exchangeable 
cations, which are a portion of the extractable cations, are considered readily available 
for plant uptake and can be easily exchanged into the growth media solution.  Retention  
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of these cations in a soil system depends on the ability of the growth media to resist the 
loss of nutrients through leaching and erosion.  Success in the long term development of 
the growth media for rehabilitation depends on the emergence of a nutrient cycling 
system which can support the desired vegetation community.  As cations make up three 
of the essential macronutrients (Ca, Mg, and K) necessary for healthy plant growth and 
reproduction they are an important facet to the development of a nutrient cycling 
system.  This Chapter (along with Chapter 4) will address the second overall research 
question asked: Does adding residue fines increase initial nutrients and the capacity of 
the growth media to retain nutrients?  In particular, this chapter focuses on the role of 
fines incorporation into the growth media and the subsequent alterations in cation 
concentrations and cation retention.  This is done by evaluating the leaching, movement 
and losses of cations from the different fines additions to residue sand profiles.  
Secondary objectives were to quantify reductions in sodicity, the reaction and 
dissolution of phosphogypsum and the fate of cations from inputs of fertilizer over three 
pore volumes of leaching.   
5.3  Materials and methods 
  For complete details of the experiment 4 column leaching study setup and 
design refer to Chapter 2 Section 2.11.  In summary, the experimental setup included 
residue treatments of: residue sand (control 0%), residue sand with additions of either 3 
% (w/w) seawater treated fines, 8 % seawater fines, 3 % carbonated fines, 8 % 
carbonated fines, 3 % unaltered fines or 8 % unaltered fines (Section 2.13).  All 
treatments received 2 % (w/w) phosphogypsum and 8 g of granulated inorganic 
fertilizer (Table 2.2).   
  Leaching of column profiles occurred in increments of 1/6 of a pore volume of 
distilled water added to columns every three days, to produce leachate in a stepwise 
fashion, over three pore volumes, resulting in 18 sample sets (Section 2.13.1.4).  During  
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each sampling, solution samplers extracted growth media solution from three depths per 
column and leachate was collected from the base of each column.  Three pore volumes 
were used because this represents a realistic winters’ rainfall in southwest Western 
Australia and the pilot study showed the vast majority of the monovalent cations were 
leached from the residues.   
  Prior to leaching, initial growth media samples were taken (only one depth was 
sampled assuming a homogenous profile); and after the completion of the experiment, 
columns were sampled (final) in depth increments of 0 - 5, 5 - 10, 10 - 25 and 25 - 40 
cm (Section 2.13.2).   
  Growth media samples were analyzed for exchangeable bases extracted with 
alcoholic 1M ammonium chloride at pH 8.5, both with (exchangeable) and without 
(extractable) pre-washing for soluble salts (Section 2.13.2.2).  In addition, growth media 
samples were analyzed for water soluble salts from saturated paste extracts (Section 
2.13.3).  
  This chapter is presented in two sections: Concentrations, movement and loss of 
soluble cations; and then extractable and exchangeable cations.  Data is shown in graphs 
to illustrate trends and statistical differences are discussed in the text.  Related tables 
with additional statistics are located in Appendix 2, Tables 9.1 – 9.25.   
  In the first section, initial conditions in the growth media are discussed, followed 
by losses of cations in leachate, a “mapping” of cation movement in the growth media 
as determined from growth media solution data, and resulting final conditions in the 
growth media.  This is followed with a synthesis of cation contributions by 
phosphogypsum and fertilizer in the growth media and a mass balance of cations is 
presented.  Growth media water soluble cation data in this section was determined from 
saturated paste extracts.       
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  In section two, growth media properties for both initial and final measurements 
are discussed as extractable and exchangeable cations.  The findings of the alkaline 
extraction is presented and evaluated in relation to retention of cations and changes in 
conditions on exchange sites between initial and final concentrations after three pore 
volumes of leaching with distilled water.   
5.4  Results: Concentrations, movement and loss of soluble cations 
5.4.1  Initial properties in residue treatments prior to leaching 
5.4.1.1  pH and electrical conductivity 
  Initial pH values in growth media ranged from 8.60 - 8.88 across all treatments 
(Table 5.3).  Unaltered 8 % fines addition was the only treatment with significantly 
greater pH than the control.  Electrical conductivity initially ranged from 3.51 - 5.26 dS 
m
-1, with the seawater and carbonated 8 % treatments being greater than the control.    
Table 5.3 Initial pH and EC from 1:5 soil water extracts of bauxite residue fines 
treatments from the column leaching study. 
pH  EC dS m
-1 
Treatments 
Mean  SE  Mean  SE 
Control (0 %)  8.68  0.04  3.51  0.04 
Seawater 3 %  8.69  0.04  4.15*  0.13 
Seawater 8 %  8.74  0.07  5.26*  0.09 
Carbonated 3 %  8.60  0.02  3.61  0.07 
Carbonated 8 %  8.64  0.02  3.85*  0.09 
Unaltered 3 %  8.76  0.03  3.69  0.05 
Unaltered 8 %  8.88*  0.04  3.76  0.05 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly different than the control at P < 0.05 
 
5.4.1.2  Water soluble cations 
  Concentrations of soluble forms of the cations Ca, Mg, K and Na, in the growth 
media at the initiation of the study are in Table 5.4.  Overall Ca concentrations ranged 
from 390 - 530 mg L
-1, which reflects the saturation of the solution by the dissolution of 
phosphogypsum.  This is confirmed by the Ca concentration from a saturated paste  
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extract of phosphogypsum which averaged 431 mg L
-1 (Table 4.1).  The seawater 3 and 
8 % fines additions had significantly greater soluble Ca than other treatments and their 
concentrations exceeded the level of saturated solutions of phosphogypsum.  
Magnesium was low in all treatments, except for the seawater treatments which were 
2.5 - 4 times greater than the other treatments.  Again, concentrations of Mg reflected 
the concentration for a saturated paste of the phosphogypsum, which is 1.21 mg L
-1 on 
average.  Unaltered treatments tended to have lower soluble Mg, and overall 8 % fines 
additions tended to have greater soluble Mg than 3 % fines additions.  Potassium 
concentrations were highly variable and showed no differences among treatments.  
Water soluble forms of Na were very high ranging from 7675 - 15250 mg L
-1.  Sodium 
concentrations in 3 and 8 % seawater fines additions were significantly greater than the 
control, being up to 50 % greater.  Concentrations of Na were greater in 8 % fines 
additions than in 3 % additions for all treatments. 
Table 5.4. Soluble cations in bauxite residue fines treatments from the column 
leaching study. 
Ca mg L
-1  Mg mg L
-1  K mg L
-1  Na mg L
-1 
Treatment  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control 0 %  435  6.5  1.88  0.09  131  65.9  8700  1244 
Seawater 3 %  507*  21.7  7.73*  0.81  462  345  12350*  1011 
Seawater 8 %  530*  10.8  12.5*  0.65  265  68.1  15250*  629 
Carbonated 3 %  405  9.6  2.08  0.34  217  148  7400  195 
Carbonated 8 %  407  4.8  3.77  0.87  54.0  38.9  8850  523 
Unaltered 3 %  390  5.8  1.16  0.12  8.6  0.6  7675  747 
Unaltered 8 %  390  16.8  1.28  0.26  40.2  29.9  7925  804 
Means of saturated paste extracts (n = 4) and standard errors (SE) are shown. 
* Significant greater than the control at P < 0.05 
5.4.1.3  Cation saturation percentage 
  Saturation percentage was determined from the concentration of a cation as a 
percentage of the sum of all four cations.  Percentages of water soluble cations initially 
yielded percentages of each cation that varied only slightly among treatments, with Ca 
being 4 - 5 %, Mg < 0.2 % for all treatments, K 0.1 - 2 % and Na ranging from 93 - 95 
% (Table 5.5 on pg 175).  Calcium was similar amongst the control, carbonated and 
unaltered treatment with the seawater fines additions being 1 % lower.  Magnesium was  
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initially very low for all treatments.  Potassium was also low, with no obvious 
differences among treatments.  Sodium saturation percentage was nearly identical 
across all treatments and dominated the soluble cations in solution. 
5.4.2  Leachate 
5.4.2.1  pH 
  Leachate pH remained relatively stable over three pore volumes of leaching, 
with initial values ranging from 8.28 - 9.66 and final values ranging from 8.18 - 9.22 
(Figure 5.1) (for statistical differences see Table 9.1, Appendix 2).  Unaltered 
treatments decreased slightly (0.2 - 0.44 units) over three pore volumes of leaching, 
carbonated treatments did not change, while seawater and the control treatment 
increased ~ 0.4 units over the first two pore volumes then, decreased 0.3 units over the 
























Control (0 %) Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.1. pH in bauxite residue fines treatments measured from leachate over 
three pore volumes.  Points represent treatment means (n = 4) measured at 1/6 
pore volume increments of leaching.  For statistical differences among treatments 
see Table 9.1, Appendix 2. 
Cumulative Pore Volumes  
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Carbonated treatments exhibited significantly lower leachate pH than the control after 
0.83 pore volumes.  Residue with unaltered 3 and 8 % fines additions had significantly 
greater leachate pH throughout the leaching, and seawater treatments tended to become 
greater than the control after 1.5 - 2.0 pore volumes. 
5.4.2.2  Electrical conductivity 
  Initially, EC in leachate ranged from 85.9 - 156 dS m
-1 and decreased 
dramatically to 5.13 - 7.8 dS m
-1 after three pore volumes of leaching (Figure 5.2) 
(Table 9.2, Appendix 2).  Seawater treatments had the greatest EC, followed by the 
carbonated and unaltered treatments, which were all greater than the control.  After only 
0.5 pore volumes the carbonated and unaltered treatments were no longer different than 
the control, but seawater treatments required 1.17 pore volumes before EC in leachate 









































Control Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.2. Electrical conductivity in bauxite residue fines treatments measured 
from leachate over three pore volumes.  Points represent treatment means (n = 4) 
measured at 1/6 pore volume increments of leaching.  For statistical differences 
among treatments see Table 9.2, Appendix 2. 
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Electrical conductivity decreased logarithmically for all treatments, at all depths.  
Overall, combined data from all treatments showed logarithmic decreases of EC over 
three pore volumes of leaching (r
2 = 0.865, df = 502, P < 0.001, EC = 34.5 + (- 37.7 * ln 
(pore volume))).    
5.4.2.3  Calcium 
  Calcium concentrations in leachate initially ranged from 235 - 593 mg L
-1 
(Figure 5.3) (Table 9.3, Appendix 2).  Control and seawater treatments had increases (~ 
100 mg L
-1) of Ca in leachate over ~ 0.67 pore volumes of leaching, then subsequent 
decreases (40 - 80 mg L
-1) until 1.5 pore volumes, followed by steady increases (60 - 
100 mg L
-1).  Carbonated and unaltered 8 % treatments had initial decreases in leachate 
Ca concentrations (~ 100 - 200 mg L
-1) until 1.67 pore volumes, and then steady 
increases (50 - 100 mg L
-1).  Final concentrations of Ca in leachate ranged from 400 - 
488 mg L




































Control Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.3. Calcium in bauxite residue fines treatments measured from leachate 
over three pore volumes.  Points represent treatment means (n = 4) measured at 
1/6 pore volume increments of leaching. For statistical differences among 
treatments see Table 9.3, Appendix 2. 
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5.4.2.4  Magnesium 
  Concentrations of Mg in leachate initially ranged from 1.47 - 7.15 mg L
-1 
(Figure 5.4) (Table 9.4, Appendix 2).  Statistically, initial Mg concentrations in leachate 
were ranked as follows: seawater treatments > carbonated treatments > control = 
unaltered 3 % > unaltered 8 %.  Throughout the three pore volumes of leaching, the 
concentrations of Mg in seawater treatments were continuously greater than other 
treatments.  Concentrations of leachate Mg in unaltered fines treatments decreased 
steadily throughout, but other treatments decreased in Mg concentration during the first 
pore volume and then increased during the third pore volume.  Large decreases of Mg in 
the leachate from the carbonated treatments (2.5 - 3.8 mg L
-1) occurred over the first 
pore volume, followed by subsequent increases of 0.6 - 1.4 mg L
-1 for the last two pore 
volumes of leaching.  Seawater fines treatments show a similar trend with decreases of 
1.3 - 2.0 mg L
-1 in Mg concentrations over 1.5 pore volumes of leaching, then an 
increase of 1.7 - 2.5 mg L
-1 over the remainder, with the seawater 3 % final 
concentrations being greater than the initial measurement.  The control treatment also 
had a decrease in leachate Mg concentrations, over two pore volumes, decreasing by 1.9 
mg L
-1 followed by an increase of 0.4 mg L
-1 over the last pore volume of leaching.  
Final Mg concentrations in treatments ranged from 0.35 - 6.98 mg L
-1.     








































Control Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.4. Magnesium in bauxite residue fines treatments measured from leachate 
over three pore volumes.  Points represent treatment means (n = 4) measured at 
1/6 pore volume increments of leaching. For statistical differences among 
treatments see Table 9.4, Appendix 2. 
5.4.2.5  Potassium 
  Concentrations of K in leachate initially ranged from 315 - 1175 mg L
-1 (Figure 
5.5) (Table 9.5, Appendix 2).  Leachate K concentration in seawater treatments were 
initially greater than all other treatments; while carbonated and unaltered treatments had 
significantly lower leachate K concentrations than the control and seawater treatments 
throughout the duration of the experiment.  Final concentrations of K in leachate for all 
treatments ranged from 9.3 - 46 mg L
-1, which is < 4 % of the initial concentrations.  
Seawater fines additions and the control treatments had three times more K in final 
leachate measurements than other treatments.  Decreases in K concentrations were 
logarithmic and highly significant (P < 0.001) for all treatments, over three pore 
volumes of leaching, and fitted regressions accounted for 70 to 95 % of the variance in 
leachate K concentrations.  After one pore volume, K concentrations had decreased 67 - 
87 %; and after two pore volumes, concentrations decrease by 91 - 96 % of the initial 
concentration.   


















































Control Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.5. Potassium in bauxite residue fines treatments measured from leachate 
over three pore volumes.  Points represent treatment means (n = 4) measured at 
1/6 pore volume increments of leaching. For statistical differences among 
treatments see Table 9.5, Appendix 2. 
5.4.2.6  Sodium 
  Sodium concentrations in leachate were initially very high, ranging from 32.7 - 
64.7 g L
-1 (Figure 5.6) (Table 9.6, Appendix 2).  Initially, all fines additions treatments 
had statistically greater Na concentrations in leachate than the control.  Seawater fines 
additions had greater Na concentrations than the carbonated and unaltered fines with the 
same percentage addition.  Concentration of Na in leachate from fines addition 
treatments decreased rapidly with leaching to become similar to the concentration in the 
control treatment.  Sodium in the leachate of carbonated and unaltered 3 % fines 
additions was no longer significantly different from the control after 0.17 pore volumes, 
carbonated and unaltered 8 % after 0.50 pore volumes, and seawater 8 % fines addition 
after 1.17 pore volumes of leaching (Appendix 2, Table 9.6).  However, concentrations 
of Na in seawater 3 and 8 % fines, and the carbonated 8 % fines had become 
statistically greater than the control in the last pore volume of leaching.  Final 
concentrations of Na in leachate ranged from 0.79 - 1.27 g L
-1.  Decreases in leachate 
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Na concentrations were logarithmic ((all data combined): Na = 13.5 + (-15.9 * ln (pore 
volume)); r
2 = 0.847, df 502, P < 0.001) over three pore volumes of leaching.  After one 
pore volume, Na concentrations decreased 73 - 82 % in the control and seawater 
treatments, and 83 - 88 % in the carbonated and unaltered treatments.  After two pore 
volumes of leaching, concentrations of Na had decreased by 94 - 97 % of initial 






































Control Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.6. Sodium in bauxite residue fines treatments measured from leachate 
over three pore volumes.  Points represent treatment means (n = 4) measured at 
1/6 pore volume increments of leaching.  For statistical differences among 
treatments see Table 9.6, Appendix 2. 
 
5.4.2.7  Ratios of Na to Ca 
  Ratios of Na to Ca in leachate decreased logarithmically over three pore 
volumes of leaching (Figure 5.7) (Table 9.7, Appendix 2).  Initially, the control had the 
greatest Na / Ca ratio in leachate, being 185. Sodium to Ca ratios in the seawater 
treatments were 139 - 147, and those in the carbonated and unaltered fines additions 
ranged from 78 - 93.  Final ratios of Na / Ca in leachate after three pore volumes of 
leaching were < 5 for every treatment.   


















































Control (0 %) Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.7. Ratio of sodium to calcium in bauxite residue fines treatments 
measured from leachate over three pore volumes.  Points represent treatment 
means (n = 4) measured at 1/6 pore volume increments of leaching. 
 
5.4.3  Solution samples extracted from 5, 10 and 25 cm depths 
5.4.3.1  pH 
  Changes in growth media solution pH, during leaching, varied among treatments 
depending on depth (Table 9.8, Appendix 2).  At the 5 cm depth, pH of growth media 
solution remained relatively stable for the control, seawater treatments and the 
carbonated 3 % fines addition over three pore volumes of leaching (Figure 5.8).  In the 
unaltered and the carbonated 8 % fines additions, pH remained stable for one pore 
volume of leaching and then the pH increased slightly over the next two pore volumes.  
Unaltered fines treatments increased approximately one pH unit, while the growth 
media solution from the carbonated 8 % fines addition increased 0.5 pH units.  
Cumulative Pore Volumes  




















Control (0%) Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.8 pH in growth media solution collected from the 5 cm depth, over three 
pore volumes of leaching.  Points represent treatment means (n = 4) measured at 
1/6 pore volume increments of leaching. For statistical differences among 
treatments see Table 9.8, Appendix 2. 
 
At the 10 cm depth, the growth media solution pH in the control, seawater treatments 
and the carbonated 3 % fines addition declined slightly (0.1 - 0.2 units) over three pore 
volumes of leaching (Figure 5.9).  Unaltered treatments and carbonated 8 % fines 
initially declined in solution pH, but then increased by ~ 0.5 pH units over the last two 
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Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.9 pH in growth media solution collected from the 10 cm depth, over three 
pore volumes of leaching.  Points represent treatment means (n = 4) measured at 
1/6 pore volume increments of leaching. For statistical differences among 
treatments see Table 9.8, Appendix 2. 
 
Growth media solution pH in all treatments decreased steadily over three pore volumes, 
at the 25 cm depth, with the control and seawater treatments decreasing by 1.5 - 2.0 
units, while the carbonated and unaltered treatments declined by ~ 1 unit (Figure 5.10).  
After three pore volumes of leaching, pH in the control treatment, at the 25 cm depth, 
was approaching 7 reduced from an initial value of 9. 
 
Cumulative Pore Volumes  
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Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.10. pH in growth media solution collected from the 25 cm depth, over 
three pore volumes of leaching.  Points represent treatment means (n = 4) 
measured at 1/6 pore volume increments of leaching. For statistical differences 
among treatments see Table 9.8, Appendix 2. 
5.4.3.2  Electrical conductivity 
  Growth media solution EC declined logarithmically with successive leaching 
events for all treatments, at all depths (Table 9.9, Appendix 2).  Growth media solutions 
extracted from the 5 cm depth initially had the lowest range of EC from all depths, 
ranging from 3.17 - 4.01 dS m
-1 (Figure 5.11).  At 10 cm depth, initial EC values ranged 
from 4.35 - 7.58 dS m
-1 (Figure 5.12) and at the 25 cm depth 10.33 - 18.11 dS m
-1 
(Figure 5.13).  These differences in the initial ECs are attributed to the movement of 
monovalent cations (K and Na) down the profile, during initial saturation of the profile.  
Overall EC in growth media solutions tended to be greatest in seawater fines treatments, 
which were, > carbonated > control > unaltered treatments.  Logarithmic regression 
equations relating the relationship between EC and pore volumes of leaching were 
highly correlated, at each depth.   
Cumulative Pore Volumes  






























Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.11 Electrical conductivity in growth media solution collected from the 5, 
cm depth, over three pore volumes of leaching.  Points represent treatment means 
(n = 4) measured at 1/6 pore volume increments of leaching.  * Note increasing Y 































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.12 Electrical conductivity in growth media solution collected from the 10 
cm depth, over three pore volumes of leaching.  Points represent treatment means 
(n = 4) measured at 1/6 pore volume increments of leaching.  * Note increasing Y 
axis between figures. For statistical differences among treatments see Table 9.9, 
Appendix 2. 
Cumulative Pore Volumes 
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The relationships were: 
EC = 1.619 + (- 1.135 * ln (pore volumes)) at the 5 cm depth - r
2 = 0.825, df = 273, P < 
0.001;  
EC = 3.179 + (- 1.592 * ln (pore volumes)) at the 10 cm depth - r
2 = 0.768, df = 249, P 






























Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.13. Electrical conductivity in growth media solution collected from the 25 
cm depth, over three pore volumes of leaching.  Points represent treatment means 
(n = 4) measured at 1/6 pore volume increments of leaching.  * Note increasing Y 
axis between figures. For statistical differences among treatments see Table 9.9, 
Appendix 2. 
 
and EC = 7.508 + (- 4.574 * ln (pore volumes)) at the 25 cm depth - r
2 = 0.834, df = 
264, P < 0.001. 
5.4.3.3  Calcium 
  Concentrations of growth media solution Ca from the 5, 10 and 25 cm depths 
are shown in Tables 9.10 and 9.11, Appendix 2.  Overall, growth media solution Ca was 
similar for all treatments initially, except the carbonated 8 % fines addition, which was 
significantly lower than all other treatments.  Declines in Ca concentrations, over three 
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pore volumes of leaching, were more pronounced for carbonated and unaltered 
treatments and within these treatments, the 8 % fines additions resulted in significantly 
less Ca in growth media solution than the 3 % fines additions.  Concentrations of Ca 
were relatively homogenous throughout the profiles at the initial stages (ranging from 
308 - 414 mg L
-1), but final Ca concentrations were different depending on the depth 
from which the growth media solution was extracted in the profile. 
  At the 5 cm depth, in most treatments concentrations of growth media solution 
Ca initially increased over the first 0.67 pore volumes, and after that decreased rapidly 
for the remainder of the experiment (Figure 5.14).  But, this was not the case for the 
carbonated and unaltered 8 % fines addition treatments which had a steady logarithmic 
decline in growth media solution Ca from the initiation of leaching (r
2 = 0.869, df = 70, 








































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.14 Calcium concentrations in growth media solution collected from the 5 
cm depth, over three pore volumes of leaching.  Points represent treatment means 
(n = 4) measured at 1/6 pore volume increments of leaching. For statistical 
differences among treatments see Table 9.10, Appendix 2. 
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At the 10 cm depth, all treatments initially had increases in growth media solution Ca 
over the first 0.67 - 1.33 pore volumes of leaching, and then Ca concentrations 
decreased steady, except the seawater 8 % fines addition which continued to increase 
(Figure 5.15).  Carbonated and unaltered 8 % fines additions increased for a shorter 
extent than the control and the 3 % fines additions, which increased for 1.33 pore 







































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.15 Calcium concentrations in growth media solution collected from the 10 
cm depth, over three pore volumes of leaching.  Points represent treatment means 
(n = 4) measured at 1/6 pore volume increments of leaching. For statistical 
differences among treatments see Table 9.10, Appendix 2. 
 
At the 25 cm depth, all treatments had logarithmic increases over three pore volumes of 
leaching ((all treatments combined) r
2 = 0.811, df = 487, P < 0.001, Ca = 459.9 + (69.2 
* ln (pore volumes))) (Figure 5.16).  Carbonated 8 % fines treatment had significantly 
lower growth media solution Ca, than all other treatments, after one pore volume of 
leaching.  




















































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.16. Calcium concentrations in growth media solution collected from the 
25 cm depth, over three pore volumes of leaching.  Points represent treatment 
means (n = 4) measured at 1/6 pore volume increments of leaching.  For statistical 
differences among treatments see Table 9.11, Appendix 2. 
5.4.3.4  Magnesium 
  Initial concentrations of Mg in growth media solutions, for all depths, ranged 
from 0.24 – 6.53 mg L
-1 (Tables 9.12 and 9.13, Appendix 2).  Initially concentrations of 
Mg in growth media solutions of seawater treatments were significantly greater than all 
other treatments.  Unaltered treatments tended to have lower Mg concentrations, 
although these were not statistically significant, due to the high variability in control 
treatment data.  Carbonated treatments tended to have greater concentrations of Mg 
initially, but values decreased more rapidly with leaching than the control.   
  Changes in Mg concentrations with leaching had similarities to patterns 
displayed by Ca concentrations.  Differences in patterns were that the unaltered 
treatment began with very low values and within 1.5 pore volumes of leaching Mg 
levels were becoming undetectable in growth media solution, at the 5 cm depth (Figure 
5.17).   
    


















































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.17 Magnesium concentrations in growth media solution collected from 
the 5 cm depth, over three pore volumes of leaching.  Points represent treatment 
means (n = 4) measured at 1/6 pore volume increments of leaching. For statistical 
differences among treatments see Table 9.12, Appendix 2. 
 
  At the 10 cm depth, growth media solution Mg in the carbonated and unaltered 8 
% fines treatments decreased steadily over the extent of leaching (Figure 5.18).  
Concentrations of Mg in the seawater 8 % fines addition treatment remained greater 
than all other treatments and increased over three pore volumes of leaching.  Unaltered 
fines treatments were lower in growth media solution Mg than all other treatments, 
although only statistically different from the seawater fines treatments. 
























































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.18 Magnesium concentrations in growth media solution collected from 
the 10 cm depth, over three pore volumes of leaching.  Points represent treatment 
means (n = 4) measured at 1/6 pore volume increments of leaching. For statistical 
differences among treatments see Table 9.12, Appendix 2. 
 
At 25 cm depth, in all treatments, Mg steadily increased over three pore volumes of 
leaching (Figure 5.19).  Seawater fines treatments and the carbonated 8 % fines addition 
had significantly greater growth media solution Mg than all other treatments, over 3 
pore volumes of leaching.  Although not statistically different from the control, the 
unaltered fines treatments tended to have lower concentrations of Mg.  In the control 
treatment, Mg concentrations decreased in the 5 cm depth, but increased in the 10 and 
25 cm depths hinging on the 1.21 mg L
-1 concentration (which represents Mg 
concentrations in a saturated paste of phosphogypsum). 
 


















































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.19. Magnesium concentrations in growth media solution collected from 
the 25 cm depth, over three pore volumes of leaching.  Points represent treatment 
means (n = 4) measured at 1/6 pore volume increments of leaching. For statistical 
differences among treatments see Table 9.13, Appendix 2. 
 
5.4.3.5  Potassium 
  Initial concentrations of K in growth media solutions increased with depth and 
ranged from 2.7 – 25.8 mg L
-1 at the 5 cm depth (Figure 5.20); 10.5 - 58.3 mg L
-1 at 10 
cm depth (Figure 5.21) and 26.8 – 182.5 mg L
-1 at the 25 cm depth (Figure 5.22) 
(Tables 9.14 and 9.15, Appendix 2).  Initial differences of growth media solution K 
concentrations, between depths, were due to the initial saturation of profiles with one 
pore volume prior to the commencement of leaching.  This initial saturation of the 
profile must have leached the monovalent cations down the profile.  Initial 
measurements of the concentrations of K showed high variability among replications, 
this was attributed to an uneven distribution of fertilizer throughout the profile.   




















































Control Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.20 Potassium concentrations in growth media solution collected from the 
5 cm depth, over three pore volumes of leaching.  Points represent treatment 
means (n = 4) measured at 1/6 pore volume increments of leaching.  *Note 
increasing Y axis. For statistical differences among treatments see Table 9.14, 
Appendix 2. 
 
Concentrations of growth media solution K decreased logarithmically over three pore 
volumes of leaching.  No statistically significant differences among treatments occurred 
at the 5 cm depth, although carbonated and unaltered treatments tended to have lower 
concentrations of K.  Control and seawater treatment concentrations of K appeared 
greater initially, but after 1.5 pore volumes all treatments were similar, reflecting the 
rapid loss of K from profiles.  Final K concentrations in growth media solutions differed 
with depth ranging from < 2.2 mg L
-1 at the 5 cm depth; 1.1 - 6.2 mg L
-1 at the 10 cm 
depth and 3.5 - 14.5 mg L
-1 at the 25 cm depth.    
 
 


















































Control Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.21 Potassium concentrations in growth media solution collected from the 
10 cm depth, over three pore volumes of leaching.  Points represent treatment 
means (n = 4) measured at 1/6 pore volume increments of leaching.  *Note 








































Control Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.22. Potassium concentrations in growth media solution collected from the 
25 cm depth, over three pore volumes of leaching.  Points represent treatment 
means (n = 4) measured at 1/6 pore volume increments of leaching.  *Note 
increasing Y axis. For statistical differences among treatments see Table 9.15, 
Appendix 2. 
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5.4.3.6  Sodium 
  Initial Na concentrations in growth media solutions increased with depth, 
ranging from 300 - 640 mg L
-1 at the 5 cm depth; 555 - 1450 mg L
-1 at 10 cm depth; and 
to 2600 - 5850 mg L
-1 at 25 cm depth (Tables 9.16 and 9.17, Appendix 2).  As with K, 
the initial differences of Na in growth media solution between depths were attributed to 
the initial wetting of the residue treatments to saturation, prior to leaching, which 
displaced monovalent cations down the column profile.   
  Seawater treatments and the carbonated 8 % fines addition tended to produce 
significantly greater Na concentrations in growth media solutions than other treatments 
at all depths.  The control treatment leached Na from the growth media solution in the 








































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.23 Sodium concentrations in growth media solution collected from the 5 
cm depth, over three pore volumes of leaching.  Points represent treatment means 
(n = 4) measured at 1/6 pore volume increments of leaching.  * Note increasing Y 
axis. For statistical differences among treatments see Table 9.16, Appendix 2. 
At the 5 cm depth, this is shown by the carbonated 3 % and unaltered 8 % fines 
additions becoming significantly greater than the control, after 1.17 pore volumes and 
remaining so, as did the seawater 8 % after 1.83 pore volumes (Figure 5.23).     
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In the unaltered 3 % fines addition, growth media solution Na also became greater than 
the control after 2.5 pore volumes.  
  At the 10 cm depth, there were fewer cases of statistical differences, but the 








































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.24 Sodium concentrations in growth media solution collected from the 10 
cm depth, over three pore volumes of leaching.  Points represent treatment means 
(n = 4) measured at 1/6 pore volume increments of leaching.  * Note increasing Y 
axis. For statistical differences among treatments see Table 9.16, Appendix 2. 
 
  At the 25 cm depth, the residue sand (control 0 %) tended to produce lower 
solution Na than other treatments after 1.5 pore volumes of leaching (Figure 5.25).  
Concentrations of Na in growth media solutions for each depth had significant 
relationships with pore volumes of leaching as follows (all treatments combined): 
At 5 cm depth (r
2 = 0.702, df = 487, P < 0.001, Na = 153 + (- 119 * ln (pore volumes)));   
10 cm depth (r
2 = 0.688, df = 487, P < 0.001, Na = 379 + (- 317 * ln (pore volumes))); 
25 cm depth (r
2 = 0.820, df = 487, P < 0.001, Na = 1455 + (-1291 * ln (pore volumes))).    




















































Control 0 % Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.25. Sodium concentrations in growth media solution collected from the 25 
cm depth, over three pore volumes of leaching.  Points represent treatment means 
(n = 4) measured at 1/6 pore volume increments of leaching.  * Note increasing Y 
axis. For statistical differences among treatments see Table 9.17, Appendix 2. 
 
5.4.3.7  Ratios of Na to Ca 
  Ratios of Na to Ca in growth media solutions differed by depth, both initially 
and with the passage of three pore volumes of leaching.  At the 5 cm depth, growth 
media solution ratios of Na:Ca were initially < 1 for all treatments, except the 
carbonated 8 % fines addition (Figure 5.26).  With leaching, ratios increased in 
carbonated and unaltered treatments, but not for the control or seawater treatments.  
Carbonated and unaltered 3 % fines additions had Na / Ca ratios which approached 3 
over three pore volumes of leaching, while in the unaltered 8 % addition the ratio 
reached 7, and in the carbonated 8 % addition it went to 14.      














































Control (0 %) Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.26 Ratios of sodium to calcium in the 5 cm depth growth media solution 
from bauxite residue fines treatments over three pore volumes of leaching.  Points 
represent treatment means (n = 4) measured at 1/6 pore volume increments of 
leaching. 
 
  At the 10 cm extraction depth, similar trends occurred; although initially Na / Ca 
ratios for all treatments were between 2 and 4 (Figure 5.27).  Growth media solution Na 
/ Ca ratios decreased to < 1 within 0.83 pore volumes of leaching for all treatments.  
Thereafter, the unaltered 8 % addition increased to a ratio of 3.5, and the carbonated 8 
% addition increased steeply reaching almost 22.   
  At 25 cm depth, the seawater treatments initially had the largest ratios of Na to 
Ca (13 – 17), followed by the carbonated and control treatments (10 – 12), and the 
unaltered treatments (7 – 9) (Figure 5.28).  Ratios decreased sharply to < 1 within two 
pore volumes of leaching. 
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Control (0 %) Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.27 Ratios of sodium to calcium in the 10 cm depth growth media solution 
from bauxite residue fines treatments over three pore volumes of leaching.  Points 



































Control (0 %) Seawater 3 % Seawater 8 % Carbonated 3 %
Carbonated 8 % Unaltered 3 % Unaltered 8 %
 
Figure 5.28. Ratios of sodium to calcium in the 25 cm depth growth media solution 
from bauxite residue fines treatments over three pore volumes of leaching.  Points 
represent treatment means (n = 4) measured at 1/6 pore volume increments of 
leaching. 
Cumulative Pore Volumes 
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5.4.3.8  Overall “mapping” from growth media solution 
  Initial saturation of the profile (1 pore volume) resulted in significant movement 
of monovalent cations down the profile.  Although this was not quantified, it is 
illustrated in the large differences in initial measurements of pH, EC, K and Na at 
different depths.   
  Electrical conductivity, K and Na all declined logarithmically and showed low 
values after three pore volumes of leaching at all depths.  Final values slightly increased 
with depth reflecting small amounts still in the lower profile.  pH increased in the 
unaltered and carbonated 8 % treatments after 1.5 pore volumes, in the 5 and 10 cm 
depths.  These increases corresponded well with the near depletion of Ca at these depths 
and a noticeable increase in Na / Ca ratios.  In the unaltered 3 % fines addition, the 
increase also coincides with the depletion of Mg.   
    
5.4.4  Final properties of growth media after leaching 
  Values of final pH in residue treatments decreased from the initial measurement 
in the control, seawater treatments and the unaltered 3 % fines addition, but in the 
carbonated treatments and the unaltered 8 % fines addition, slight increases (0.05 - 0.14 
units) occurred at the 0 - 5 and 5 - 10 cm depths (Figure 5.29) (Table 9.18, Appendix 2).  
Overall, final pH values ranged from 8.01 – 8.97, with unaltered fines treatments being 
the most alkaline.      
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5 - 10
10 - 25 

















Figure 5.29. pH of bauxite residue fines treatments during initial and final (after 
three pore volumes of leaching with distilled water) samplings.  Boxes (n = 4) 
represent median, quartiles and lines are extreme values. 
   
Final EC measurements for all treatments were significantly lower than initial 
measurements (Figure 5.30) (Table 9.18, Appendix 2).  Final values ranged from 0.13 - 
0.17 dS m
-1 at 0 - 5 cm depth; 0.16 - 0.33 dS m
-1 at the 5 - 10 cm depth; 0.18 - 0.91 dS 
m
-1 at the 10 - 25 cm depth and 0.79 - 1.07 dS m
-1 at the 25 - 40 cm depth.  Within each 
depth, no significant differences occurred among residue fines treatments in the final 
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Figure 5.30. Electrical conductivity (1:5 extraction) of bauxite residue fines 
treatments during initial and final (after three pore volumes of leaching with 
distilled water) samplings.  Boxes (n = 4) represent median, quartiles and lines are 
extreme values. 
  Final water soluble Ca in residue treatments ranged from 10 - 535 mg L
-1 and 
increased with depth (Figure 5.31) (Table 9.19, Appendix 2).  Comparisons among 
treatments showed carbonated and unaltered 8 % fines additions had very low Ca values 
in the 5 - 10 cm depth, and were significantly lower than in the control treatment at the 
10 - 25 and 25 - 40 cm depths.  Seawater fines treatment Ca concentrations tended to be 
higher compared to carbonated and unaltered treatments, particularly at the 0 - 5 and 5 - 
10 cm depth.  Fines additions of 3 % tended to have greater soluble Ca than 8 % fines 
additions at all depths. 
  Water soluble Ca decreased over the passage of leaching events at the 0 - 5 and 
5 - 10 cm depth for all treatments, except the seawater 8 % fines addition which only 
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additions had significant decreases at 0 - 5 and 5 - 10 cm depths and subsequent 
significant increases at 10 - 25 and 25 - 40 cm depths.  Carbonated and unaltered 8 % 























Figure 5.31. Soluble Ca from saturated paste extracts of bauxite residue fines 
treatments during initial and final (after 3 pore volumes of leaching with distilled 
water) sampling.  Boxes (n = 4) represent median, quartiles and lines are extreme 
values. 
  Water soluble Mg was significantly greater in the seawater 8 % at all depths and 
greater in the seawater 3 % at 10 - 25 and 25 - 40 cm depths compared to all other 
treatments (Figure 5.32) (Table 9.20, Appendix 2).   
  Water soluble Mg concentrations increased with depth in the profile.  The 
seawater treatments had significant increases in Mg at depths from 10 - 40 cm.  Other 
treatments had decreased Mg concentrations at the 0 - 5 and 5 - 10 cm depths, and 
increased concentrations at the 10 - 25 and 25 - 40 cm depths.  This pattern was similar 
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movement of Mg from this supply down the profile.  Seawater fines additions have 
significantly greater concentrations of Mg from the dissolution of soluble salts that are 























Figure 5.32. Soluble Mg from saturated paste extracts of bauxite residue fines 
treatments during initial and final (after 3 pore volumes of leaching with distilled 
water) sampling.  Boxes (n = 4) represent median, quartiles and lines are extreme 
values. 
  Final concentrations of water soluble K from saturated pastes ranged from 0.90 - 
38.8 mg L
-1, and were significantly less, at each depth, in the carbonated and unaltered 
treatments compared to the control and seawater treatments (Table 9.21, Appendix 2).  
Final concentrations of water soluble K decreased from initial concentrations for all 
treatments, although it was only statistically significant for the control, seawater 8 %, 
carbonated 3 % and unaltered 3 %, due to high variability in initial samples (Figure 
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Figure 5.33. Soluble K from saturated paste extracts of bauxite residue fines 
treatments during initial and final (after 3 pore volumes of leaching with distilled 
water) sampling.  Boxes (n = 4) represent median, quartiles and lines are extreme 
values. 
  Final water soluble Na concentrations in the growth media treatments ranged 
from 168 - 1123 mg L
-1.  Water soluble Na concentrations decrease significantly within 
each treatment, at every depth, compared to initial Na concentrations (Table 9.22, 
Appendix 2).  Soluble Na concentrations in residue fines treatments were lowest at the 0 
- 5 cm depth and tended to increase with depth (Figure 5.34).  Water soluble levels of 
Na in residue treatments decreased to 1.5 – 2.6 % of the initial concentrations in the 0 - 
5 cm depth; 2.1 – 4.0 %, in the 5 - 10 cm depth; 4.0 – 7.3 %, in the 10 - 25 cm depth; 
and 7.1 - 12.8 % in the 25 - 40 cm depth increment.  Sodium concentrations tended to 
decrease to a greater extent in the 3 % fines addition compared to the 8 % fines 
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Figure 5.34. Soluble Na from saturated paste extracts of bauxite residue fines 
treatments during initial and final (after 3 pore volumes of leaching with distilled 
water) sampling.  Boxes (n = 4) represent median, quartiles and lines are extreme 
values. 
5.4.4.1  Water soluble cation saturation percentage  
  The relative proportions of water soluble cations from final measurements in 
growth media changed dramatically for Ca, Mg and Na compared to initial samplings 
(Table 5.5).  Calcium saturation percentages increased with depth until the 10 - 25 cm 
depth and at the 25 - 40 cm depth percentages were slightly lower.  The exceptions to 
this pattern were the seawater 8 % and carbonated 8 % fines additions.  Seawater 8 % 
fines addition had increasing Ca saturation percentage over the 0 - 10 cm depth range, 
followed by lower saturation percentage in the 10 - 40 cm depth range.  The carbonated 
8 % fines addition showed an opposite response, with an increasing Ca saturation 
percentage going down the profile to 40 cm.  The depth, at which the increase occurs 
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from phosphogypsum dissolution.  Calcium saturation was 40 - 50 %, throughout the 
profile for the control; 20 - 45 % for seawater 3 and 8 % fines additions; 13 - 65 % for 
the carbonated and unaltered 3 %, and 5 - 41 % in the carbonated and unaltered 8 % 
fines additions.   
  Final Mg saturation percentage increased in all treatments from initial 
percentages.  Seawater treatments had large increases (3 - 8 %) while all others 
treatments had smaller increases of 0 - 0.71 %.   
Table 5.5. Water soluble cations as a percentage of total cations in initial and final 
(after three pore volumes of leaching) samples of growth media from bauxite 
residue fines treatments in the column leaching study. 














Ca %  Initial  5.71  4.47  3.80  5.82  5.04  5.62  5.48 
   0 – 5  42.9  28.7  20.2  14.9  7.25  13.1  5.58 
   5 - 10  47.6  38.6  45.1  36.3  5.19  32.2  11.4 
   10 – 25  50.4  45.2  44.7  64.2  27.0  53.8  41.6 
   25 – 40  40.5  33.2  30.9  42.0  33.2  42.9  32.4 
Mg %  Initial  0.04  0.11  0.15  0.05  0.19  0.03  0.03 
   0 – 5  0.60  3.96  6.28  0.26  0.22  0.26  0.11 
   5 - 10  0.51  4.17  7.97  0.50  0.13  0.44  0.17 
   10 – 25  0.47  3.44  6.45  0.76  0.51  0.50  0.43 
   25 – 40  0.37  2.96  5.06  0.59  0.61  0.46  0.32 
K %  Initial  0.98  1.94  0.96  1.50  0.31  0.06  0.33 
   0 – 5  1.09  1.44  0.70  0.37  0.27  0.35  0.33 
   5 - 10  1.87  1.41  0.48  0.48  0.30  0.40  0.54 
   10 – 25  1.10  1.17  0.60  0.30  0.23  0.26  0.32 
   25 – 40  1.06  1.27  0.71  0.38  0.21  0.36  0.28 
Na %  Initial  93.3  93.5  95.1  92.6  94.5  94.3  94.2 
   0 – 5  55.4  65.8  72.8  84.5  92.3  86.3  93.9 
   5 - 10  50.1  55.7  46.4  62.7  94.4  66.9  87.8 
   10 – 25  48.0  50.2  48.2  34.8  72.3  45.4  57.7 
   25 – 40  58.1  62.6  63.3  57.0  66.0  56.2  67.0 
Cation saturation percentage = (Cation X (Mg L
-1) / (Ca + Mg + K + Na)) * 100 
 
Saturation percentage of K after leaching decreased for all treatments, except control 
and unaltered fines addition treatments which increased slightly.  Sodium saturation 
percentages from water soluble forms showed a variety of patterns.  All treatments had 
decreasing percentages down the profile from 0 - 25 cm, and then an increase at the 25 - 
40 cm depth, except the carbonated 8 % fines addition which continued to decrease in 
Na saturation percentage.  Carbonated and unaltered treatments had final Na  
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percentages in the 0 – 10 cm depths that were greater than other treatments, with the 8 
% fines additions approaching the initial percentages of soluble Na.  Seawater fines 
treatments had lower Na percentages compared to the carbonated and unaltered 
treatments, due to the greater concentrations of soluble Ca, K and Mg.     
5.4.5  Mass balance of water soluble cations  
  Mass balance was determined for the fines treatments based on soluble cation 
data from saturated paste extracts.  Analysis and contributions of the phosphogypsum to 
overall cation concentrations are in shown Table 5.6.  Assuming a uniform dissolution 
of phosphogypsum over the extent of the experiment at 2 g L
-1, it was estimated 16.8 g 
CaSO4 would have dissolved with the addition of 8.4 L (6.3 L over 3 pore volumes plus 
2.1 L to bring column to field capacity) of distilled water.  Phosphogypsum was applied 
at a rate of 2 % (w/w) addition which is equivalent to 244 g CaSO4 per column.  This 
application rate would saturate growth media solutions, at a rate of dissolution equal to 
2 g L
-1, for approximately 58 pore volumes.  Dissolution of phosphogypsum likely 
contributed all of the measured soluble Ca in the treatments and would have contributed 
a significant portion of the Mg (up to 100 % for all treatments, except the seawater).  
Contributions of K and Na in the phosphogypsum would have been insignificant 
compared to concentrations inherent in residue materials. 
Table 5.6. Concentrations of Ca, Mg, K and Na in phosphogypsum and the 
contribution of cations to the growth media, including cations dissolved in solution 






*Total contribution  
(g column
-1) 
**Mass dissolved in three pore 
volumes of solution (g) 
Calcium  215  52.6  3.62 
Magnesium  0.606  0.148  0.010 
Potassium  0.625  0.153  0.010 
Sodium  11.1  2.71  0.187 
* Based on 244 g of phosphogypsum applied  
** Determined assuming saturation based on a 2 g L
-1 solubility of phosphogypsum 
 
Fertilizer additions applied were at rates which equated to only 8 g fertilizer per 12.2 kg 
of growth media.  This small addition made it difficult to ensure a uniform distribution  
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throughout the column growth media profile.  Fertilizer composition and overall 
contribution to cation concentrations are listed in Table 5.7.   
Table 5.7. Contribution of cation concentrations from inorganic fertilizer in 
bauxite residue fines treatments. 
Element  Source 
Application rate  
(kg ha
-1)  mg kg
-1 
*Contribution from fertilizer 
(mg column
-1) 
Mg  MgSO4  30.0  2.14  0.017 
K  K2SO4  300  21.4  0.171 
Na  NaMoO4  0.25  0.02  < 0.001 
* 8 g of fertilizer mix per column   
 
Contributions of all cations from fertilizer would have been insignificant relative to 
other inputs in residue treatments.  Calcium and Mg concentrations are insignificant 
compared to concentrations in the phosphogypsum, and Na concentrations are 
insignificant compared to concentrations present in fresh residue sands and fines.   
  Concentrations of Ca, Mg, K and Na, both initially, and at each depth after 
leaching are shown in Table 5.8.  The concentrations of each cation remaining in the 
profile were calculated, and from this the loss from the growth media profile was 
estimated, based against initial concentrations.  Concentrations lost in leachate were 
calculated and used to compare against estimated cation loss from the profiles (see 
Appendix 3 for calculations).    
  Sodium concentrations lost in leachate compared well with calculations of Na 
lost from the growth media profile.  Calculated percentage retention of Na in growth 
media (4 - 8 %), also reflects the percentage reduction in leachate (96 - 98 %).  By 
contrast, Ca and Mg concentrations calculated as loss from growth media did not reflect 
the loss that was measured in the leachate.  Calcium concentrations in the final growth 
media suggest that the majority of the Ca was retained in the profile, while leachate data 
suggests that nearly all the initial measured soluble Ca concentration was lost during 
leaching.  Magnesium final concentrations were even more interesting, as all treatments 
except the carbonated 8 %, were determined to contain larger soluble Mg  
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concentrations than the initial concentrations measured.  But, leachate concentrations of 
Mg suggest that between 50 - 100 % of initial Mg concentrations were lost during 
leaching.  Calculations of differences in K concentrations within growth media, 
between initial and final samplings, yielded mixed findings among treatments and did 
not always reflect loss of K in leachate within reasonable margins for error.  This is 
partially explained by the fact that the initial concentrations of K were highly variable 
within treatments that contained low K concentrations, of which the major of K was 
likely contributed by the fertilizer addition.  This in combination with the final K 
concentrations having low variability, resulted in treatments with inherent K having 
accurate calculations and those with the majority of K from the fertilizer addition 
having relatively large error in calculations.  Leachate losses of K also showed trends in 
concentrations that were similar to trends in concentrations of K in final growth media.  
Treatments which had relatively high losses of K in leachate showed relatively high 
final concentrations in growth media, with the seawater treatments being greatest, 
followed by the control and than carbonated and unaltered fines treatments.  
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Table 5.8. Mass balance of soluble cations in bauxite residue fines treatments from the column leaching study.
Final Concentrations (mg per depth increment) 
Cation  Treatment 
Initial 
Concentrations 












Ca  Control (0 %)  1358  66.9  93.6  541  502  1203  89  154  953 
  Seawater 3 %  1583  31.4  78.9  562  541  1214  77  369  1045 
  Seawater 8 %  1655  23.0  134  538  502  1198  72  456  1255 
  Carbonated 3 %  1264  9.20  42.4  567  530  1150  91  114  1246 
  Carbonated 8 %  1271  4.39  4.03  214  480  703  55  567  1146 
  Unaltered 3 %  1218  9.55  47.4  536  504  1097  90  120  1190 
    Unaltered 8 %  1218  3.66  12.0  398  461  875  72  342  1187 
Mg  Control (0 %)  5.87  0.41  0.57  3.02  2.75  6.75  115  -0.88  5.48 
  Seawater 3 %  24.1  2.62  5.03  25.7  28.9  62.3  258  -38.1  14.5 
  Seawater 8 %  39.0  4.29  14.0  46.7  49.6  114  294  -75.6  17.2 
  Carbonated 3 %  6.50  0.10  0.34  4.01  4.51  8.96  138  -2.47  8.47 
  Carbonated 8 %  11.7  0.08  0.07  2.47  5.33  7.94  67  3.83  11.0 
  Unaltered 3 %  3.62  0.12  0.38  2.95  3.27  6.72  185  -3.10  2.36 
    Unaltered 8 %  4.00  0.04  0.10  2.42  2.80  5.36  134  -1.36  1.41 
K  Control (0 %)  409  2.19  6.08  23.8  25.6  57.7  14  351  522 
  Seawater 3 %  1442  3.11  5.24  28.5  41.1  77.9  5  1364  772 
  Seawater 8 %  827  1.43  2.53  14.2  22.8  41.0  5  786  763 
  Carbonated 3 %  677  0.46  0.92  5.09  9.34  15.8  2  661  220 
  Carbonated 8 %  168  0.33  0.48  3.73  5.93  10.4  6  158  201 
  Unaltered 3 %  26.8  0.50  1.17  5.20  8.28  15.1  56  11.7  204 
    Unaltered 8 %  125  0.40  1.06  6.04  7.80  15.3  12  110  211 
Na  Control (0 %)  27171  62.5  93.2  612  830  1598  6  25573  21219 
  Seawater 3 %  38571  82.4  125  716  1191  2116  5  36455  33555 
  Seawater 8 %  47628  88.9  143  669  1185  2088  4  45540  38941 
  Carbonated 3 %  23111  59.4  79.6  360  838  1338  6  21773  23769 
  Carbonated 8 %  27640  64.0  89.7  719  1098  1970  7  25669  28432 
  Unaltered 3 %  23970  72.5  112  517  764  1467  6  22503  21681 






5.5  Extractable and exchangeable cations 
  Extractable cations were measured in growth media that was not prewashed for 
soluble salts (exchangeable + soluble), while exchangeable cations were measured from 
extractions of growth media which were prewashed for soluble salts.  The differences 
between these concentrations should represent the soluble fraction of the cations.  
Statistical results for extractable and exchangeable cations are shown in Appendix 2, 
Tables 9.19 – 9.24. 
5.5.1  Extractable cations 
  Initially, no statistical differences occurred among treatments for extractable Ca, 
due to additions of phosphogypsum saturating the profile (Table 5.9).  Magnesium 
concentrations had low values ranging from 0.05 – 0.18 cmolc kg
-1.  Seawater 8 % fines 
addition had statistically greater Mg than all other treatments.  Potassium concentrations 
were also low (0.11 – 0.90 cmolc kg
-1) with no significant differences found, due to the 
high variability.  Extractable Na concentrations were excessive initially ranging from 
11.22 – 25.33 cmolc kg
-1.  All fines treatments yielded greater Na concentrations than 
the control, with extractable Na being 17 to 125 % greater in fines addition treatments.     
  Final concentrations of extractable Ca in unaltered 3 and 8 % fines additions 
were significantly greater than other treatments, at all depths.  Concentrations of 
extractable Ca increased with depth and tended to be doubled at 10 - 25 or 25 - 40 cm 
compared to 0 - 5 cm depth (Table 9.24, Appendix 2).  Seawater treatments had 
significantly greater extractable Mg at every depth, compared to all other treatments.  
Extractable Mg concentrations were not significantly different between initial and final 
measurements in the control, carbonated 8 % or unaltered 3 % treatments.  Extractable 






40 cm depths compared to the initial sampling.  All treatments had very low final 
concentrations of extractable K.  Sodium in the control treatment was significantly 
lower at every depth, against every treatment, except seawater 3 % for the 0 - 5, 5 - 10 
and 10 - 25 cm depths.  Overall, Na concentrations increased as follows: control < 3 % 
fines additions < 8 % fines additions.  Extractable Na decreased significantly in every 
treatment, at every depth, by 7 - 20 fold relative to the initial concentrations. 
Table 5.9. Extractable calcium, magnesium, potassium and sodium, at initial and 
final sampling, in bauxite residue fines treatments in the column leaching study. 
NH4Cl Extractable at pH 8.5  
Initial  0 - 5 cm  5 - 10 cm  10 - 25 cm  25 - 40 cm  cmolc kg
-1    Treatment 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control 0 %  1.34  0.60  1.98  0.75  2.03  0.42  3.45  0.34  3.35  0.22 
Seawater 3 %  0.94  0.35  1.37  0.12  1.71  0.12  3.20  0.18  3.60  0.42 
Seawater 8 %  1.55  0.46  1.73  0.25  2.94  0.64  4.30  0.64  4.45  0.29 
Carbonated 3 %  2.37  0.42  2.60  0.12  3.10  0.17  5.00  0.22  4.65  0.19 
Carbonated 8 %  1.56  0.31  2.65  0.17  2.67  0.52  3.10  0.40  3.85  0.51 
Unaltered 3 %  3.15  0.38  3.75
a  0.19  4.25
a  0.28  5.80
a  0.62  5.80
a  0.14 
Ca 
 
Unaltered 8 %  2.39  0.30  3.95
a  0.33  4.45
a  0.26  5.10  0.55  5.85
a  0.46 
Control 0 %  0.07  0.02  0.03  0.01  0.03  0.01  0.03  0.01  0.03  0.01 
Seawater 3 %  0.05  0.01  0.12
 a  0.01  0.15
 a  0.01  0.19
 a  0.01  0.23
a  0.05 
Seawater 8 %  0.18
a  0.05  0.37
 b  0.05  0.44
 b  0.07  0.45
 b  0.05  0.53
 b  0.04 
Carbonated 3 %  0.06  0.01  0.06  0.01  0.07  0.01  0.08  0.01  0.09  0.01 
Carbonated 8 %  0.07  0.01  0.08  0.01  0.08  0.01  0.08  0.01  0.10  0.01 
Unaltered 3 %  0.08  0.01  0.10  0.01  0.09  0.01  0.11  0.01  0.11  0.01 
Mg 
Unaltered 8 %  0.09  0.01  0.11  0.01  0.12  0.01  0.12  0.01  0.13  0.01 
Control 0 %  0.90  0.79  0.07  0.01  0.08  0.01  0.09  0.01  0.09  0.01 
Seawater 3 %  0.46  0.29  0.08  0.01  0.10  0.01  0.11  0.01  0.13  0.02 
Seawater 8 %  0.34  0.04  0.10
 b  0.01  0.11  0.01  0.13  0.02  0.14  0.02 
Carbonated 3 %  0.11  0.01  0.11
 b  0.01  0.13
ab  0.01  0.13
a  0.01  0.13  0.01 
Carbonated 8 %  0.13  0.02  0.11
ab  0.01  0.12
ab  0.01  0.12  0.01  0.12  0.01 
Unaltered 3 %  0.11  0.01  0.12
bc  0.01  0.13
ab  0.01  0.13
a  0.01  0.14  0.01 
K 
Unaltered 8 %  0.13  0.01  0.14
d  0.01  0.15
b  0.01  0.15
a  0.01  0.14  0.01 
Control 0 %  11.2  0.78  0.71  0.20  0.67  0.04  0.96  0.10  1.30  0.09 
Seawater 3 %  20.0
b  1.20  0.80  0.04  1.01  0.03  1.40  0.08  2.18
a  0.15 
Seawater 8 %  25.3
c  1.51  1.44
bc  0.04  1.56
a  0.10  1.94
bc  0.10  2.66
ab  0.11 
Carbonated 3 %  13.1  0.77  1.34
a  0.03  1.46
a  0.07  1.71
ab  0.03  2.27
a  0.12 
Carbonated 8 %  16.4
ab  1.19  1.89
c  0.14  2.40
b  0.18  2.31
cd  0.17  3.01
bc  0.11 
Unaltered 3 %  14.3  0.61  1.50
bc  0.01  1.72
a  0.07  1.94
bc  0.10  2.40
a  0.04 
Na 
Unaltered 8 %  21.4
bc  1.31  2.66
d  0.11  2.79
b  0.07  2.75
d  0.13  3.58
c  0.21 
Means (n = 4) and standard errors (SE) are shown. 
Means, within the same depth, followed by the same letter are not significantly different, but are significantly 
different from the control, tukey’s (P < 0.05) 
5.5.2  Exchangeable cations 
  Concentrations of exchange cations are shown in Table 5.10.  With 






cations, it would be expected that the exchangeable concentrations would be lower than 
the extractable concentrations.  This was the case for all cations except initial Ca, which 
produced exchangeable concentrations which were greater than the extractable for all 
treatments.  In fact, initial concentrations of exchangeable Ca were approximately twice 
the concentration of the overall initial extractable Ca, and obviously flawed.  Initial 
exchangeable Mg was ~ 50 % of the extractable concentration for most treatments.  
Seawater 3 and 8 % had significantly greater initial exchangeable Mg levels compared 
to all other treatments.  Seawater treatments initially had greater exchangeable K 
otherwise there were no differences among other treatments.  Compared to the control, 
initial exchangeable Na increased 20 to 77 % with the addition of residue fines and all 
fines treatments were greater than the control.   
  Final exchangeable Ca concentrations did not yield the obviously flawed values 
that the initial concentrations showed and concentrations appear to be a plausible with 
extractable concentrations being greater than exchangeable.  Final exchangeable Mg 
concentrations were very low for all treatments, although seawater fines additions had 
significantly greater exchangeable Mg than other treatments.  Final K concentrations 
were also very low with no significant differences among the treatments, at any depth.  
The control treatment had significantly less final exchangeable Na, at each depth, than 
the fines addition treatments.  The 3 % fines additions all had similar final exchangeable 
Na concentrations, with up to twice the concentrations in the 8 % fines additions 
counterparts.  Seawater 8 % fines addition tended to have less final exchangeable Na 









Table 5.10. Exchangeable calcium, magnesium, potassium and sodium, at initial 
and final sampling, in growth media from bauxite residue fines treatments in the 
column leaching study. 
NH4Cl Exchangeable at pH 8.5 (prewashed for soluble salts) 
Initial  0 - 5 cm  5 - 10 cm  10 - 25 cm  25 - 40 cm  cmolc kg
-1  Treatment 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control 0 %  2.84  0.66  1.35  0.42  1.20  0.14  2.06  0.15  1.95  0.16 
Seawater 3 %  2.75  0.35  0.87  0.05  1.02  0.04  1.84  0.08  1.92  0.11 
Seawater 8 %  3.40  0.71  1.07  0.08  1.43  0.21  2.80
b  0.22  2.75
a  0.13 
Carbonated 3 %  3.95  0.33  1.07  0.02  1.17  0.04  1.84  0.08  2.15  0.10 
Carbonated 8 %  4.10  0.17  1.21  0.03  1.14  0.02  1.34
a  0.02  1.64  0.07 
Unaltered 3 %  4.80  0.55  1.19  0.04  1.29  0.06  2.09  0.06  2.30  0.06 
Ca 
Unaltered 8 %  4.05  0.21  1.31  0.10  1.44  0.06  1.74  0.13  2.08  0.13 
Control 0 %  0.02  0.01  0.02  0.01  0.02  0.01  0.02  0.01  0.02  0.01 
Seawater 3 %  0.07
a  0.02  0.08
 a  0.01  0.09
 a  0.01  0.09
 a  0.01  0.11
 a  0.01 
Seawater 8 %  0.09
a  0.01  0.18
 b  0.01  0.19
 b  0.01  0.18
 b  0.02  0.19
 b  0.01 
Carbonated 3 %  0.03  0.01  0.02  0.01  0.02  0.01  0.02  0.01  0.02  0.01 
Carbonated 8 %  0.04  0.01  0.02  0.01  0.02  0.01  0.03  0.01  0.03  0.01 
Unaltered 3 %  0.03  0.01  0.02  0.01  0.02  0.01  0.03  0.02  0.02  0.01 
Mg 
Unaltered 8 %  0.02  0.01  0.03  0.01  0.02  0.01  0.02  0.01  0.03  0.01 
Control 0 %  0.04  0.01  0.05  0.01  0.06  0.01  0.07  0.01  0.06  0.01 
Seawater 3 %  0.07
a  0.01  0.06  0.01  0.07  0.01  0.08  0.01  0.07  0.01 
Seawater 8 %  0.09
b  0.01  0.05  0.01  0.06  0.01  0.07  0.01  0.07  0.01 
Carbonated 3 %  0.03  0.01  0.03  0.01  0.04  0.01  0.05  0.01  0.05  0.01 
Carbonated 8 %  0.03  0.01  0.04  0.01  0.04  0.01  0.04  0.01  0.04  0.01 
Unaltered 3 %  0.03  0.01  0.03  0.01  0.03  0.01  0.05  0.01  0.04  0.01 
K 
Unaltered 8 %  0.03  0.01  0.03  0.01  0.05  0.01  0.05  0.01  0.04  0.01 
Control 0 %  2.62  0.24  0.27  0.01  0.34  0.04  0.43  0.02  0.48  0.01 
Seawater 3 %  3.14  0.17  0.45
a  0.02  0.51
a  0.03  0.70
ab  0.07  0.76
a  0.04 
Seawater 8 %  3.76
ab  0.11  0.77
b  0.02  0.82
b  0.01  0.95
bc  0.06  1.11
b  0.06 
Carbonated 3 %  3.36  0.08  0.53
a  0.02  0.58
a  0.02  0.63
a  0.01  0.86
a  0.05 
Carbonated 8 %  4.45
bc  0.15  1.02
c  0.05  1.17
c  0.04  1.26
d  0.08  1.38
c  0.02 
Unaltered 3 %  3.49
a  0.12  0.54
a  0.04  0.51
a  0.03  0.62
a  0.03  0.72
a  0.03 
Na 
Unaltered 8 %  4.63
c  0.21  0.97
c  0.06  1.12
c  0.05  1.11
cd  0.07  1.21
bc  0.02 
Means (n = 4) and standard errors are shown. 
Means, within the same depth, followed by the same letter are not significantly different, but are significantly 
different from the control, tukey’s (P < 0.05) 
 
5.5.3  Cation saturation percentage 
5.5.3.1  Extractable percentage 
  Saturation percentage for extractable cations, for both initial and final sampling 
of the residue growth media is listed in Table 5.11.  Saturation percentages of each 
initial cation varied with Ca being 4 - 18 %, Mg < 1 % for all treatments, K 1 - 6 % and 








Table 5.11. Extractable cation saturation percentage in initial and final samples in 

















Ca %  Initial  10.3  4.44  5.54  14.8  8.72  17.8  10.1 
  0 – 5  74.2  57.5  46.7  63.1  56.0  68.4  57.3 
  5 – 10  70.4  57.5  56.5  65.0  49.3  68.5  59.0 
  10 – 25  75.9  65.2  62.3  72.1  54.7  72.3  62.4 
  25 – 40  70.2  58.2  57.1  65.1  53.7  68.6  60.1 
Mg %  Initial  0.54  0.25  0.65  0.40  0.37  0.44  0.36 
  0 – 5  1.08  4.92  10.1  1.55  1.80  1.81  1.64 
  5 – 10  0.94  4.92  8.71  1.47  1.58  1.53  1.65 
  10 – 25  0.66  3.88  6.59  1.22  1.46  1.31  1.41 
  25 – 40  0.61  3.63  6.80  1.26  1.43  1.27  1.34 
K %  Initial  5.61  2.08  1.29  0.72  0.73  0.64  0.56 
  0 – 5  2.95  3.61  2.95  2.74  2.33  2.21  2.06 
  5 – 10  3.07  3.30  2.18  2.70  2.39  2.07  2.05 
  10 – 25  1.96  2.26  1.83  1.92  2.11  1.70  1.85 
  25 – 40  1.87  2.10  1.76  1.82  1.68  1.60  1.49 
Na %  Initial  83.4  93.2  92.5  84.0  90.1  81.0  88.9 
  0 – 5  21.7  33.9  40.1  32.6  39.8  27.5  39.0 
  5 – 10  25.5  34.2  32.5  30.7  46.6  27.9  37.2 
  10 - 25  21.4  28.5  29.2  24.7  41.6  24.6  34.2 
  25 - 40  27.3  35.9  34.3  31.7  43.1  28.4  37.0 
* Cation saturation percentage = (Cation X (cmol kg
-1) / (Ca + Mg + K + Na)) * 100 
 
  Extractable Ca saturation percentage varied among treatments with seawater 
treatments having the lowest percentage.  Sodium made up the majority of the 
extractable cations with the control, carbonated 3 % and unaltered 3 % fines additions 
being slightly lower than the seawater treatments and other 8 % fines additions.   
  Saturation of extractable Ca in final samplings increased by 41 – 64 % 
compared to initial samplings.  All treatments had the greatest percentage Ca saturation 
at the 10 - 25 cm depth reflecting the downward movement of Ca from dissolution of 
phosphogypsum and leaching.  Magnesium made up a much greater percentage of the 
extractable cations in the final samplings ranging from 0.6 - 4.9 %, with seawater 
treatments having the greatest Mg saturation percentages.  All treatments had the 
greatest percentage of Mg at the 0 - 5 cm depth and decreasing percentages with depth 
down in the profile.  Potassium saturation percentage after leaching increased in all 






(ranging from 1.49 - 3.61 %) and all treatments had decreasing saturation percentage 
with increasing depth.  Percentage saturation of Na decreased 2 - 3 fold in all 
treatments.  Lowest Na saturation percentages were recorded in the control followed by 
the 3 % fines additions treatment and then the 8 % fines additions treatments.   
5.5.3.2  Exchangeable percentage 
  Saturation percentages of exchangeable cations in residue growth media from 
initial and final samplings are shown in Table 5.12.   
Table 5.12. Exchangeable cation saturation percentage in initial and final samples 



















Ca   Initial  49.8  45.2  44.9  53.3  47.5  56.9  46.4 
 %  0 – 5  77.2  59.8  51.3  64.8  52.9  66.9  55.9 
   5 - 10  73.4  60.3  56.5  64.7  48.0  69.7  54.7 
   10 – 25  79.6  67.8  69.7  72.5  50.3  74.9  59.5 
   25 – 40  77.5  67.0  66.5  69.9  53.0  74.6  61.8 
Mg   Initial  0.40  1.14  1.28  0.37  0.47  0.31  0.23 
 %  0 – 5  1.21  5.27  8.78  1.01  1.02  1.21  1.08 
   5 - 10  1.04  5.44  7.73  0.97  0.99  1.03  0.92 
   10 – 25  0.71  3.44  4.43  0.75  0.97  1.24  0.75 
   25 – 40  0.73  3.69  4.65  0.76  0.97  0.68  0.79 
K   Initial  0.82  1.11  1.32  0.42  0.36  0.37  0.29 
 %  0 – 5  3.26  4.06  2.65  1.86  1.57  1.73  1.43 
   5 - 10  3.86  4.23  2.63  2.29  1.63  1.67  1.76 
   10 – 25  2.79  3.01  1.81  1.84  1.56  1.74  1.57 
   25 – 40  2.35  2.60  1.81  1.51  1.33  1.33  1.24 
Na   Initial  48.9  52.6  52.4  45.8  51.6  42.3  53.0 
 %  0 – 5  18.4  30.8  37.2  32.2  44.4  30.1  41.5 
   5 - 10  21.7  30.1  33.1  32.0  49.3  27.5  42.5 
   10 – 25  16.8  25.7  24.0  24.8  47.1  22.0  38.1 
   25 - 40  19.4  26.7  27.0  27.8  44.7  23.3  36.1 
* Exchangeable cation saturation percentage = (Cation X (cmolc kg
-1) / (Ca + Mg + K + Na)) * 100 
 
  Initial saturation percentages of exchangeable cations are shown, although the 
methodology which includes pre-washing for soluble salts before the extraction of 
exchangeable cations has recently been shown to be flawed for extremely saline, 






make up the majority of the extractable cations, it is useful to compare the exchangeable 
cations results with the extractable values to assess the extent of error associated with 
the pre-washing for soluble salts.   
  Comparisons of initial saturation percentages for extractable and exchangeable 
cations showed significant differences.  Saturation percentages of initial extractable 
cations were Ca 4 - 18 %, Mg < 1 %, K 1 - 6 % and Na 83 - 93 %.  Exchangeable cation 
initial saturation percentages yielded results of Ca being 44 - 57 %, Mg 0.23 - 1.28 %, 
K 0.29 - 1.32 % and Na 42 - 53 %.  Thus the initial saturation percentages were higher 
for exchangeable Ca (~ 40 %) and lower for K (~ 5 %) and Na (~ 40 %).  There was 
little difference between Mg saturation in extractable versus exchangeable forms.  This 
confirms that prewashing for soluble salts before cation extraction in alkaline, highly 
saline growth media, artificially inflates exchangeable Ca measurements while 
underestimating K and to a greater extent Na.  Comparisons of final percentages 
between extractable and exchangeable cations, when salinity had been greatly reduced, 
were closer related.  Final extractable cation saturation percentages were 47 - 76 % for 
Ca, Mg 0.6 - 10 %, K 1.5 - 3.6 % and Na 21 - 46 %.  Exchangeable cation final 
percentages ranged from 48 - 79 % Ca, Mg 0.68 - 8.7 %, K 1.2 - 4.2 % and Na 16 - 49 
%.   
  After three pore volumes of leaching, the salinity of the residue treatments had 
greatly decreased and the prewashing extraction method appears to yield plausible 
results.  After the majority of soluble cations had been leached, exchangeable cations 
made up significant portions of the extractable cation concentrations (Table 5.9 and 






5.6  Discussion 
  Conditions for plant growth and nutrient availability were initially poor with pH 
being moderately alkaline (~ 8.7) and EC (3.5 - 5.3 dS m
-1) being very high in all 
residue treatments.  Amendments of initial residue materials with 2 % (w/w) 
phosphogypsum reduced pH for all treatments down from ~ 10.  Initially, all treatments 
had high soluble Ca from dissolution of phosphogypsum inputs, although soluble and 
exchangeable Na was on average 10 to 20 times greater in concentration than soluble 
and exchangeable Ca.  Although fertilizers were added at high rates, extractable K and 
Mg remained very low in all treatments.  The contribution of cations from the fertilizer 
addition was small compared to concentrations of cations in the phosphogypsum and 
the Na inherent in the residue materials.  
   Additions of seawater fines increased the soluble, extractable and exchangeable 
forms of the cations Ca, Mg and K, but additions of carbonated or unaltered fines did 
little to increase cation concentrations.  Overall nutrient retention also increased, with 
additions of 8 % fines retaining greater Mg, but also retaining greater Na than the 
control or 3 % fines additions.  Calcium and Mg moved down the growth media profile 
partially, while soluble K and Na were lost almost entirely from the profile, within three 
pore volumes of leaching.  Further complications to nutrient availability were the 
findings that the growth media concentrations of exchangeable Mg (< 0.19 cmolc kg
-1) 
and exchangeable K (< 0.09 cmolc kg
-1) are likely marginal to deficient for adequate 
plant growth. 
  Additions of fines increased cations in residue sand mixtures.  Increases in 
soluble Ca and Mg, and exchangeable Mg and K occurred in seawater treatments, and 
concentrations of Na increased in all treatments.  Initial exchangeable Ca and Na 






salts on the exchangeable Na leading to an inflation of exchangeable Ca values (So et 
al. 2006).  Statistical differences in soluble and extractable Ca concentrations amongst 
the non-seawater treatments were not found, due the addition of 2 % (w/w) 
phosphogypsum saturating of the profiles and thus masking any inherent differences in 
Ca.  Seawater treatments had greater soluble Ca and Mg due to the precipitation of Ca 
and Mg salts, during the seawater washing pretreatment of the fines (Hanahan et al. 
2004).   
  Retention of cations was increased in fines treatments.  Retention was greater 
with the addition of 8 % fines, than with the 3 % fines additions, particularly for 
exchangeable Na.  In most cases, the 8 % fines additions had greater exchangeable Mg 
saturation than their 3 % fines counterparts.  Exchangeable cation saturation 
percentages show that all treatments had increases, following leaching, in the saturation 
percentages of Ca, Mg, and K on exchange sites and decreases in Na.  Seawater 
treatments had 3 – 5 fold increases in final exchangeable cation saturation percentages 
of Mg from the initial measurements, while other treatments increased 1.5 – 3 times the 
initial values.  Potassium saturation percentages followed similar trends to the Mg and it 
appears K introduced from fertilizer is retained to some extent on exchange sites.  
Although initial exchangeable Ca values were flawed, the final measurements appear 
plausible and at the completion of leaching, most of the remaining Ca in the upper 
profile depths was found to be on exchange sites representing up to 80 % of the 
exchangeable cations which is similar to typical soils (McArthur 1991). 
  Calcium moved readily down the profile with three pore volumes of leaching.  
Soluble Ca concentrations showed depletion of Ca at the 0 - 10 cm depths for all 
treatments, with this extending to 25 cm for the carbonated 8 % fines addition.  A 






of Ca from the dissolution of phosphogypsum during leaching.  The greater depletion of 
Ca in carbonated and unaltered 8 % fines additions may have resulted as a co-
precipitate with TCA6 in the residue fines.  Carbonated and unaltered 8 % fines had a 
low Ca concentration compared to the 3 % fines additions for exchangeable and soluble 
Ca, this may be due to precipitation of CaCO3 (Thompson et al. 1991) or coprecipitation 
with TCA6, but cannot be attributed to cation retention as seen by the lower final 
exchangeable Ca in 8 % additions. 
  The mass balance calculations demonstrated that a significant portion of the 
phosphogypsum was depleted in the 0 - 10 cm depth, while significant amounts 
remained from 10 - 40 cm with fines treatments showing different effects on rates of the 
phosphogypsum dissolution.  Changes in growth media stores of phosphogypsum can 
be deduced from the treatment profiles by the changes in water soluble concentrations 
of Ca by depth.  Initially in all treatments, concentrations of soluble Ca were between 
390 - 530 mg L
-1 for saturated paste extracts.  A sample of phosphogypsum extracted 
from a saturated paste yields a very similar Ca concentration of between 410 - 450 mg 
L
-1.  Initially, the columns had a surplus of phosphogypsum which resulted in a Ca 
saturated growth media solution.  During the final samplings, at 10 - 25 and 25 - 40 cm 
depths, equivalent concentrations were recorded for all but the carbonated and unaltered 
8 % treatments.  Thus final concentrations of Ca illustrate that at deeper depths, where 
the majority of treatments still had adequate phosphogypsum remaining, this is reflected 
in only a slight decline appearing to have occurred for soluble Ca.  Carbonated and 
unaltered 8 % fines additions had significantly less soluble Ca, implying to a greater 
rate of phosphogypsum dissolution.   
  Consumption of phosphogypsum depends on the rate of dissolution (2.0 – 3.9 g 
L






2004).  Based on Kopittke’s measurements there is sufficient phosphogypsum at 2 % 
(w/w) additions, within the 40 cm depth of residue treatments, for 29 – 58 pore volumes 
of leaching before all phosphogypsum will be depleted.  Rates of phosphogypsum 
dissolution are affected by three main solution factors: ionic strength effect, ion 
complexing, and the common ion effect (Essington 2004).  Ionic strength effect is when 
salts initially solubilize into solution, such as NaCl, and the ion strength increases.  
Activities of Ca and SO4 in solution will decrease, as concentrations of Na and Cl in 
solution increase, and as the solubility product is constant, more CaSO4 will 
disassociate into solution to keep equilibrium between solution and precipitation.  This 
may be the process dominating the rate of dissolution for the control and 3 % fines 
addition treatments.  But, if ions of SO4 or Ca are introduced from a non-gypsum source 
such as in the seawater fines, CaSO4 will precipitated due to common ion effect.  As 
seawater fines have high Ca and SO4 concentrations (Hanahan et al. 2004), the common 
ion effect may be the controlling the rate of phosphogypsum dissolution in the seawater 
fines treatments.  But, if ions that can precipitate with Ca or SO4 are introduced into 
solution, such as NaHCO3 and Na2CO3, ion complexing can cause the precipitation of 
NaSO4 and CaCO3 and will result in increased dissolution of CaSO4.  Within the 
carbonated and unaltered 8 % fines additions, this may be causing the greater rate of 
dissolution of phosphogypsum, due to increased NaSO4 and CaCO3 precipitation.  
  Soluble Na was effectively removed with freshwater leaching, but residual Na is 
possibly being slowly released from TCA6 inherent in the residue fines.  This residual 
Na is believed to be a co-precipitate (Na + OH) with TCA6 during the dissolution of the 
phosphogypsum, and as the phosphogypsum is depleted, the Na in the co-precipitate is 
likely being releasing back into the system as chemical equilibrium is reached (Phillips 






CaSO4, an increase of OH
- in solution results and pH consequently increases (Mattinson 
2004), as seen in the carbonated and unaltered fines treatments in the upper 25 cm of 
the growth media profiles.  Seawater treatments did not show an increase in pH, due to 
a greater buffering capacity associated with precipitated forms of Ca and Mg salts and 
the slower dissolution of the phosphogypsum.  Until these soluble forms of cations are 
depleted, the seawater treatments will remain buffered from an increase in pH during 
leaching.   
  Removal of sodium from the profile was rapid as it decreased logarithmically in 
solution and leachate.  The majority (> 80 %) of the sodium was removed from the 
treatment profiles within 1.5 pore volumes of leaching, and > 90 % after three pore 
volumes as seen from the leachate and solution data.  Final growth media sampling 
showed soluble Na remaining in the profile was < 3 % of the initial concentration at 0 - 
5 cm, < 4 % at 5 - 10 cm, 4 - 7 % at 10 - 25 cm, and 7 - 13 % at the 25 - 40 cm depth.  
Rapid loss of Na accounts for the majority of the logarithmic decline in electrical 
conductivity.  
  Final conditions for plant growth and nutrient availability remained difficult 
with the final pH range being alkaline (8.1 – 9.0), even though EC had decreased to 
acceptable levels (< 0.38 dS m
-1 at the 0 - 10 cm depth, and < 0.89 dS m
-1 at 10 - 40 cm 
depths).  Significant concerns arises over the low concentrations of Mg for all 
treatments, except seawater fines additions; and K which was initially marginal (< 75 
mg kg
-1) in seawater treatments and low for all other treatments.  Final K concentrations 
in growth media were also very low for all treatments (< 10 mg kg
-1).   
5.7  Conclusion 
  Seawater residue fines additions increased Ca, Mg and K in the growth media, 






fines treatments.  Contributions of cations from fertilizer were minimal, although 
increased K on exchange sites after leaching was attributed to the dissolution of the 
fertilizer addition.  Retention of nutrients was greatest in 8 % fines additions, and 
treatments with 8 % fines additions retained a greater proportion of exchangeable Mg.  
Retention of Na was also greatest in 8 % fines additions, although soluble and 
exchangeable Na was removed rapidly from the growth media profile with over 90 % 
removal after three pore volumes of leaching.  Phosphogypsum was exhausted in the 0 
– 10 cm depths for all treatments after three pore volumes of leaching, except the 
seawater 8 % fines additions, reflecting the greater buffer capacity of the seawater fines 
from salts precipitated during the seawater washing pretreatment.  Carbonated and 
unaltered 8 % fines additions dissolved significantly greater amounts of 
phosphogypsum, due to the likely co-precipitation of TCA6 with CaO.  This was 
identified by the subsequent increases in pH and Na/Ca ratios, due to dissolution of 
NaOH, where soluble Ca was depleted in the profiles.  Overall, seawater fines additions 
showed the most promise as an amendment for residue sands to enhance plant growth 
conditions with increases in Ca, Mg and K, although all treatments were still very low 














Chapter 6  Plant Growth Responses and Nutrient Uptake 
6.1  Introduction 
  Vegetation establishment in bauxite residue sands on storage area embankments 
and capping layers is inhibited by alkaline pH, sodicity, salinity and low nutrient 
concentrations.  These factors may affect different stages of vegetation growth and 
reproduction with different levels of severity.  Salinity, alkalinity and sodicity stresses 
can inhibit germination, restrict plant water usage, limit nutrient uptake, and retard plant 
growth (Schulze et al. 2005).   
  Creating a growth medium from processed bauxite residues for vegetation 
establishment involves ameliorating the residues with additions of phosphogypsum (2 
% w/w), high rates of inorganic fertilizer additions and leaching of growth media 
profiles by rain water.  These amendments help to adjust pH and sodicity (Gupta and 
Singh 1988; Wong and Ho 1988; Wong and Ho 1991; 1993; Polcaro et al. 2000; 
Eastham and Mullins 2004; Kopittke et al. 2004), although residual Na and alkalinity 
appear to be the main constraints to successful establishment of vegetation.  With the 
high rates of leaching in residue sands, a rapid loss of introduced nutrients occurs, and it 
is common for the rehabilitation sites to be low or deficient in many necessary plant 
nutrients including N, P, K, Ca, Mg, Mn, Cu and Zn and have plant biomass nutrients 
concentrations below the required concentrations for healthy growth (Meecham and 
Bell 1977a; Fuller and Richardson 1986; Bell et al. 1997; Gherardi and Rengel 2001; 
Gherardi and Rengal 2003; Courtney and Timpson 2004; Eastham and Morald 2006; 
Eastham et al. 2006; Bell et al. 2008; Thiyagarajan et al. 2009).  
  Reincorporation of residue fines could introduce necessary plant nutrients such 






al. 2004) and increase nutrient retention, thus making nutrients available for plant 
uptake.  But, the addition of fines to residue sands may also increase Na and OH into 
the growth media and may produce a net negative effect on the vegetation establishment 
and survival.    
  Information on the nutrient requirements and dynamics of native plant species in 
southwestern Western Australia is very limited.  Furthermore, the nutrient behavior is 
complicated in residue sands rehabilitation given its atypically high salinity and 
alkalinity relative to natural soil ecosystems.  Plant nutrient availability at these pH 
ranges and growth media conditions are poorly understood and the critical 
concentrations of nutrients required for healthy plants, for many native species, are not 
established and may be substantially different among functional groups of vegetation.   
  This Chapter aims to answer the third overall research question: Does adding 
residue fines to residue sand improve plant growth response and plant biomass nutrient 
concentrations.  Secondary objectives are to develop a conversion factor for different 
EC extractions (to be able to relate to vegetation threshold salinity data), evaluate 
possible adverse effects on germination and emergence of a native species, and compile 
nutrient data ranges of native species grown in bauxite residue materials.   
6.2  Background 
  Salinity is caused by the presence of soluble salts in solution (Shaw 1999).  
Often, soils are classified as saline if electrical conductivity of a saturated paste (ECse) 
is > 4 dS m
-1.  Sodicity is the relationship of soluble or exchangeable Na to other cations 
in solution or soil (Rengasamy and Churchman 1999).  Many threshold levels for sodic 
soils have been proposed.  In the United States, ESP > 15 is the threshold used for sodic 
soils, while in Australia an ESP > 5 or 6 is classified as sodic.  While these may be 






behavior in soils.  Morphology of clay particles, aluminosilicate minerals, metal oxides, 
ionic strength of a soil solution, calcium carbonate content and organic matter all 
influence the threshold of exchangeable Na influences in soils.  An alkaline soil is 
defined as having a pH > 7.0 (SSSA 2001).  Alkalinity is a measure of the ability of a 
solution to neutralize acids to the equivalence point of carbonate or bicarbonate, and is 
commonly measured as the sum of the bases in solution.   
  Electrical conductivities in soils greater than 4 dS m
-1 (saturated paste extracts) 
have been shown to reduce yields of most crop species through restricting plant growth 
(Larcher 2001).  Bauxite residue sand rehabilitation can have EC values well above 
these levels (see Chapters 4 and 5).  The upper limit for germination and successful 
growth and reproduction for most terrestrial plants is 15 - 20 dS m
-1, which is equivalent 
to an osmotic potential of ~ 0.5 - 0.7 MPa (in a soil with only highly soluble salts) 
(Larcher 2001).  Osmotic potential in fresh bauxite residue sand rehabilitation has been 
estimated to exceed these levels (see Chapter 3).  The osmotic potential produced by 
high salt concentrations in solution reduces the ability of plants to utilize water.  
Cohesion theory states, the only available energy capable of transferring water through 
the soil-plant-atmosphere continuum is from a potential gradient caused by evaporation 
of water at the plant stomata (Schulze et al. 2005).  Thus, any change in osmotic 
potential in the soil, due to increased salts, is not able to be compensated for by the 
plant.   
  High salt contents affect germination and emergence of seedlings through 
multiple avenues.  Firstly, high salt contents tend to delay the rate of germination 
(Rehman et al. 2000).  Ratios of Ca or K to Na may determine the success of 
germination in saline solutions.  Although it does not appear that the salt stress restricts 






Ca and K from the seed during imbibition (Rehman et al. 1996).  Inhibition of 
germination (< 50 % germination compared to control in distilled water) of A.saligna in 
NaCl solutions have been reported at concentrations greater than 192 mol m
-3 (NaCl) 
(Rehman et al. 2000).  Radicles of germinating seeds are particularly sensitive to high 
ion concentrations in soil solution (Mengel et al. 2001).  High ion concentrations, which 
may lead to salt toxicity, result in solutes leaking from the plasmalemma membrane, 
due to increased permeability from reduced Ca at binding sites of phospholipids in 
membranes (Rehman et al. 1996).  Deficiency of K in embryo radicles may reduce 
germination and emergence, because K is needed in the cytoplasm for metabolic 
functions and cell elongation (Rehman et al. 1996).  These stresses may destroy 
embryos before they can successfully germinate and emerge.         
  High Na concentrations have detrimental effects on nutrient uptake in sodic soils 
(Naidu and Rengasamy 1993).  Although water uptake may be reduced, it does not 
necessarily result in reduced uptake of nutrients, because the mineral (nutrient) content 
of water entering the shoots of plants is very low and does not reach saturation (Schulze 
et al. 2005).  Problems with nutrient uptake are caused by increased ion competition and 
by ion specific effects which cause functional disturbances, such as improperly 
functioning enzymes.   
  Under sodic and saline conditions, uptake through passive ion channels in the 
membranes of plant roots leads to increased Na uptake and reductions in Ca, Mg and K 
ion concentrations in cells (Larcher 2001).  This ion competition results in electrical 
charge imbalances in the cytoplasm of cells and across the cell membranes.  Charge 
imbalances often lead to the passive uptake of harmful anions (i.e. Cl
-).  Further 
exacerbating the problem, large amounts of energy may be exerted by the cells to pump 






across the cell membrane (Larcher 2001).  Deficiencies of K are common in the 
cytoplasm, caused from ion competition in which high Na concentrations limit the 
uptake of K (Schulze et al. 2005).   
  Ion specific effects are caused when Na ions are passively substituted for K or 
Ca ions in functional roles and results in improperly functioning enzymes, proteins and 
membranes (Larcher 2001).  Potassium is required by plants for regulating cellular 
hydration, osmotic potential, membrane potential, and enzyme activation for use in 
photosynthesis and reduction of nitrate (Larcher 2001).  Calcium is used in plants for 
regulation of hydration, as an enzyme activator of ATP to produce energy, and for 
regulation of cell elongation during growth (Larcher 2001).  Deficiencies of K and Ca 
as a result of excess uptake of Na can cause multiple problems in cells.  Cells can swell 
from over hydration; H, Ca, and K ions are lost due to changes in membrane potential; 
reduced energy production from decreased ATP production and reduced 
photosynthesis; and erratic and reduced elongation of cells causing plant growth 
defects.               
  Impaired nutrient uptake by plants, because of salinity and sodicity, are further 
complicated by the low nutrient availability in the bauxite residue growth media.  
Nutrient availability and mobility depends on many factors including: pH, solution 
chemistry, soil atmosphere (oxidation - reduction), and temperature.  High pH (> 8.5) in 
bauxite residues may restrict the bioavailability for many elements such as B, Mn, Fe, 
Cu, and Zn (Gherardi and Rengel 2001; Thiyagarajan et al. 2009).       
  Plants require up to 17 nutrients to complete all stages of life.  Necessary 
nutrients include (listed in descending order of average concentration in plant tissue): 
the macronutrients C, N, K, Ca, Mg, P, and S; micronutrients consisting of Cl, B, Fe, 






Na and Co (Schulze et al. 2005).  Due to the salinity, sodicity and alkalinity in bauxite 
residues, uptake of these nutrients by seedlings and plants may be restricted and 
subsequent survival of the vegetation may be dependent on how incorporation of fines 
may alter these characteristics of the growth media.     
6.3  Materials and methods 
  To examine the effects of fines additions on plant growth responses and plant 
biomass nutrient concentrations, data was drawn from Experiments 1 (Section 2.2), 2 
(Section 2.5) and 3 (Section 2.2.8).  The following is a summary of each experiment as 
it pertains to plant responses and biomass nutrient concentration data.     
  In Experiment 1, Acacia saligna was grown in a column glasshouse study in 
which residue sands were amended with a range of treated (seawater, carbonated and 
unaltered) residue fines additions of 0 (control), 1, 2, 3, 5, 10 and 20 % (w/w).  All 
treatments received 2 % (w/w) phosphogypsum additions and an inorganic fertilizer 
application (Section 2.4.1).  Above- and below-ground biomass of A. saligna was 
collected and nutrient concentrations in aboveground biomass were analyzed (Section 
2.4.3.1).               
  Experiment 2 consisted of experimental plots in field sites at two residue 
disposal areas (RDAs) in Western Australia.  Experimental plots were 25 x 25 m and 
treatments included: residue sand (control), and fines additions of either: carbonated 3 
%, carbonated 8 %, unaltered 3 % and unaltered 8 % to residue sands (Section 2.7).  All 
plots received 2 % (w/w) phosphogypsum additions and an inorganic fertilizer 
application (Section 2.7.2).  Native vegetation was both broadcast seeded and planted 
from tubestock seedlings (Section 2.7.2.2).  Tubestock seedlings of 17 species were 
monitored at the ends of the wet (October) and dry (April) seasons, over 22 months for 






sites due to kangaroo predation, which required ~ 50 % of the tubestock to be replanted 
a month after the original planting.  Plots were also monitored, at the same time 
intervals, for emergence and survival of broadcast seeds.  Vegetation was collected 
during peak biomass (October) from three distinctively different native species: 
Eucalyptus gomphocephala, Eremophila glabra, and Scaevola crassifolia for biomass 
nutrient analysis from recently matured leaves (Section 2.7.4.3).   
  Germination and emergence of Acacia saligna was evaluated in Experiment 3 
from a series of residue fines additions and leached residue sand treatments.  Treatments 
included: inert sand, residue sand with no phosphogypsum, residue sand with 
phosphogypsum (2 % w/w), residue sands leached to 4/5, 3/5, 2/5 of original EC values, 
additions of seawater, carbonated and unaltered fines at 3, 5, 8, 10, and 20 % (w/w) 
(Section 2.10).  Seeds were allowed 45 days for emergence, with emergence counts 
recorded every two days (2.10.4).  After 45 days, seeds were exhumed and categorized 
as either: germinated, imbibed, rotten or non-active but viable (2.10.5).  Growth media 
was analyzed for pH, EC, and extractable (1 M alcoholic NH4Cl @ pH 8.5) cations (Ca, 
Mg, K and Na), both initially and at completion of the 45 day experiment (Section 
2.10.8). 
6.4  Results 
6.4.1  Determination of conversion factors for EC  
  Electrical conductivity can be measured in saturated paste (ECse) or the extract 
from a ratio of soil to water.  In Australia, it is common to measure EC as a ratio of 1:5 
(EC1:5) as the high ratio supplies ample solution for analysis and a fixed ratio is simpler 
than determining saturation for multiple soil types.  It is desirable to be able to relate 






conditions and most of plant salt tolerance data has been evaluated as ECse.  Converting 
from EC1:5 to ECse can be fraught with errors due to complications resulting from 
different clay types and content and salt solubilities in the soil.  A range of conversions 
have been calculated over the decades, and a comprehensive relationship has been 














5 : 1  
where: 
ADMC = air dry moisture content (measured as the difference in moisture content 
  between 40 and 105°C) 
θSP = saturation water content as a percentage 
b (power term) = value between 0 - 1, dependent on the mix of soluble of salts 
  This equation accounts for differences, due to the water content at saturation and 
air dried soil water ratios, and differences in solubility of salts.  Soils containing 
gypsum or other sparingly soluble salts cause considerable problems converting from 
EC1:5 to ECse.  A saturated gypsum solution has an EC of around 2.2 dS m
-1 regardless 
of water to soil ratio (Shaw 1999), and attempting to convert to ECse from EC1:5 will 
result in a 6 - 20 times inflated value of ECse.  Correcting for this, the power term b is 
included in the equation.  For a saturated gypsum or non-soluble materials system, the 
power term would be 0 making ECse = EC1:5, and for a system of completely soluble 
salts (i.e. NaCl) the b term would be 1 (meaning conversion will only be a function of 
dilution).  Saturation percentage and ADMC can be estimated based on data sets 
produced by Shaw (1999), either with clay content percentage or volumetric water 
content at - 0.033 or - 1.5 MPa of matric potential as follows: 







      SP = 24.86 + 1.23 (θ at 0.033 MPa)   ADMC = - 0.32 + 0.19 (θ % at 0.033 MPa) 
      SP = 29.90 + 2.07 (θ at 1.5 MPa)        ADMC = - 1.37 + 0.42 (θ % at 1.5 MPa) 
As bauxite residues used for rehabilitation received 2 % of phosphogypsum by weight, 
the above equations were used for the conversion of EC1:5 to ECse. 
  To determine b (power term) for each of the individual residue fines treatments 
and sands, EC was measured for the residue sand, residue sand amended with 2 % 
(w/w) phosphogypsum, seawater fines, carbonated fines and unaltered fines, by the 
saturated paste and 1:5 soil to water extraction methods.  Each fines material was 
analyzed separately for the b term, because differences in salt chemical composition 
from pretreatment of fines will affect the salt solubility.  Electrical conductivity data 
measured from 1:5 and saturated paste extracts, in addition to ADMC and SP 
determined from clay contents, were used to solve for the b power term from the Shaw 
equation for each individual residue material (Table 6.1).           
Table 6.1 Determination of the conversion factor of electrical conductivity (EC) 
from a 1:5 soil to water ratio extract to a saturated paste extract in bauxite residue 
fine treatments. 







Conversion Ratio  Clay (%)  SP   ADMC  b 
Residue 
Sand  1.29  16.1  12.5  0  27.57  0.59  0.87 
Control*  2.73  34.0  12.5  0  27.57  0.59  0.87 
Seawater 
fines  25.0  164  6.6  25  46.07  2.59  0.78 
Carbonated 
fines  5.45  34.0  6.2  28  48.29  2.96  0.76 
Unaltered 
fines  10.7  46.5  4.3  26  46.81  2.83  0.66 
*Control = residue sand amended with phosphogypsum (2 % w/w)  
EC1:5 = electrical conductivity measured from 1:5 soil to water ratio extract 
ECse = electrical conductivity measured from saturated paste extract 
Measured conversion ratio = ECse / EC1:5 
SP = saturation water content as a percentage (Shaw 1999) 
ADMC = air dry moisture content (based on % clay) (Shaw 1999) 






6.4.2  Germination and emergence of Acacia saligna 
6.4.2.1  Emergence, pH and EC 
  Numbers of emerged Acacia saligna seedlings, pH and EC from a series of 
bauxite residue treatments are shown in Table 6.2.  An inert sand treatment, which was 
triple washed quartz sand, was used as the control for the emergence of A. saligna.  
Mean emergence of A. saligna, in the inert sand, was 77 % with a range of 74 - 80 % 
emergence.  In the bauxite residue treatments, mean percentage of emerged A. saligna 
ranged from 0 - 58 %, with fines treatments having lower emergence than non-fines 
treatments (i.e. residue sand).  Increases in fines percentages tended to result in 
decreases in emergence.  The only residue treatment which did not receive a 2 % (w/w) 
phosphogypsum amendment produced no emerged seedlings of A. saligna. 
  Initial pH measurements differed to a great extent among treatments, with a 
range from 7.6 in the seawater 20 %, to 11.2 in the unaltered 20 % fines addition.  Final 
measurements of pH increased in fines treatments (except unaltered 8 – 20 %) 
compared to the initial, but decreased in residue sand treatments.  Electrical 
conductivity (1:5) initially ranged from 0.67 - 8.94 dS m
-1 in the bauxite residue 
treatments and decreased, due to leaching, to a range of 0.29 - 2.21 dS m
-1.  Electrical 
conductivity did not decrease evenly between the two parts of the study.  Although both 
parts of the study received approximately the same amount of water on the same 
watering schedule, allocations appear to have resulted in different amounts of salt 
relocation.  In particular, 3 and 8 % fines treatments did not have losses as great as the 
5, 10 and 20 % fines additions, thus resulting in greater final EC in the 3 and 8 % fines 
additions.  Both portions of this study were conducted in a constant temperature room at 
25°C, and the only plausible explanation is a possible difference in humidity during the 






Table 6.2. Percentage emerged seedlings (n = 200) of Acacia saligna, and the initial 
and final pH and electrical conductivity (1:5) values of bauxite residue fines 
treatments. 
Part*  Treatment    Seedlings 
Emerged (%)  Initial pH  Final pH  Initial EC  
(dS m
-1) 
Final EC  
(dS m
-1) 
1 and 2  Mean  77  6.26  6.45  0.02  0.04 
 
Inert Sand 
SE  1  0.03  0.06  0.01  0.01 
2  Mean  0  10.51  10.38  1.15  1.07 
 
Residue Sand 
(no gypsum)  SE  0  0.01  0.06  0.03  0.09 
1 and 2  Mean  34  9.44  9.26  1.64  0.64 
 
Residue Sand 
SE  3  0.13  0.07  0.08  0.12 
2  Mean  30  9.66  9.25  1.53  0.79 
 
Residue Sand 
(4/5 EC)  SE  1  0.01  0.13  0.03  0.05 
2  Mean  22  9.59  9.32  1.18  0.89 
 
Residue Sand 
(3/5 EC)  SE  4  0.01  0.07  0.04  0.07 
2  Mean  58  9.40  9.22  0.67  0.29 
 
Residue Sand 
(2/5 EC)  SE  1  0.01  0.12  0.01  0.01 
2  Mean  15  8.60  9.30  3.20  1.68 
 
Seawater 3 % 
SE  2  0.01  0.06  0.05  0.07 
1  Mean  6  9.56  9.70  2.67  0.65 
 
Seawater 5 % 
SE  1  0.11  0.03  0.06  0.05 
2  Mean  7  8.20  9.16  4.39  3.33 
 
Seawater 8 % 
SE  1  0.02  0.07  0.08  0.13 
1  Mean  12  8.43  9.36  4.36  1.43 
 
Seawater 10 % 
SE  1  0.09  0.01  0.08  0.08 
1  Mean  12  7.63  8.97  8.49  1.73 
 
Seawater 20 % 
SE  0  0.17  0.03  0.37  0.16 
2  Mean  7  9.11  9.50  2.18  1.47 
 
Carbonated 3 % 
SE  2  0.03  0.06  0.02  0.05 
1  Mean  14  8.51  9.34  2.90  0.54 
 
Carbonated 5 % 
SE  1  0.10  0.03  0.08  0.07 
2  Mean  0  9.56  9.79  2.54  2.21 
 
Carbonated 8 % 
SE  0  0.02  0.05  0.01  0.08 
1  Mean  3  9.42  9.71  2.68  0.81 
 
Carbonated 10 % 
SE  0  0.04  0.04  0.03  0.02 
1  Mean  4  9.46  9.70  3.23  0.99 
 
Carbonated 20 % 
SE  0  0.02  0.06  0.01  0.02 
2  Mean  4  9.28  9.68  2.12  1.30 
 
Unaltered 3 % 
SE  2  0.02  0.05  0.04  0.16 
1  Mean  8  9.42  9.68  3.22  0.40 
 
Unaltered 5 % 
SE  1  0.11  0.07  0.05  0.06 
2  Mean  1  10.34  10.13  2.51  1.19 
 
Unaltered 8 % 
SE  0  0.01  0.03  0.01  0.04 
1  Mean  1  10.20  9.96  3.17  0.72 
 
Unaltered 10 % 
SE  0  0.01  0.02  0.02  0.08 
1  Unaltered 20 %  Mean  0  11.16  10.34  3.94  1.67 
    SE  0  0.01  0.05  0.03  0.20 
*Conducted in 25 °C constant temperature room, in two separate portions using the same residue and seed stock 
pH and EC values are means (n = 3) 






  Pearson correlations revealed that final growth media EC, Na/Ca, Ca/Mg and 
K/Na were significantly correlated to emergence of A. saligna in bauxite residue 
treatments (Table 6.3).   
Table 6.3. Pearson correlations between numbers of emerged Acacia saligna 
seedlings and final EC, pH, Na/Ca, Ca/Mg and K/Na in bauxite residue treatments. 
 Variable    EC 
(dS m
-1)  pH  Na/Ca  Ca/Mg  K/Na 
Emerged  Correlation  -0.371**  -0.449**  -0.508**  0.638**  0.633** 
   Sig.   0.001  0.000  0.000  0.000  0.000 
   N  84  82  84  76  84 
EC (dS m
-1)  Correlation    -0.085  0.406**  -0.488**  -0.305** 
   Sig.     0.446  0.000  0.000  0.005 
   N    82  84  76  84 
pH  Correlation      0.611**  0.055  -0.523** 
   Sig.       0.000  0.639  0.000 
   N      82  74  82 
Na/Ca  Correlation        -0.305**  -0.645** 
   Sig.        0.007  0.000 
   N        76  84 
Ca/Mg  Correlation        1  0.230* 
   Sig.            0.046 
   N          76 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
 
 
  Regressions of emergence of A. saligna as a log function of final EC (1:5) were 
highly correlated (Figure 6.1).  This data suggests a threshold of ~ 2 dS m
-1, above 
which A. saligna did not successfully emerge from residue growth medium.  To ensure 
a < 50 % inhibition of germination from viable seeds, EC would need to be lowered to 
< 0.2 dS m
-1.  An EC value of 0.2 dS m
-1 and 2 dS m
-1 for a 1:5 soil water extract is 
equivalent to 2.5 dS m
-1 and 25 dS m
-1, respectively, for a saturated paste extract for 









  Electrical conductivity accounted for a high proportion of the variance in 
emergence, but when the data is separated by fines treatments (i.e. sands, seawater, 
carbonated, or unaltered) the relationship remains for all treatments, except the 
seawater.  The seawater treatments produced a greater amount of emerged seedlings 
compared to other treatments at comparable EC and were the only treatments to 




























2 = 0.676, df = 90, P < 0.001, Emergence = 12.4 + (- 12.7 * ln (EC)) 



















6.4.2.2  Extractable cations 
  Extractable concentrations of Ca, Mg, K and Na were greatest in the seawater 
treatments, during both the initial and final measurements (Table 6.4 and Table 6.5).  
Extractable Ca concentrations ranged from 0.23 - 2.60 cmolc kg
-1 in residue treatments.  
Calcium concentrations decreased between initial and final measurements.  Magnesium 
ranged from 0.06 - 0.93 cmolc kg
-1 in the seawater treatments, while all other residue 
treatments were very low in extractable Mg at < 0.07 cmolc kg
-1.   
 
Table 6.4. Extractable Ca and Mg in bauxite residue fines treatments from an 
Acacia saligna emergence study. 
Calcium cmolc kg
-1  Magnesium cmolc kg
-1 
Initial  Final  Initial  Final  Treatment  Fines 
(%) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Inert Sand  0  0.15  0.01  0.18  0.01  0.14  0.01  0.15  0.01 
Residue Sand  0  0.37  0.03  0.41  0.03  0.02  0.01  0.02  0.01 
4/5 EC  0  0.43  0.02  0.39  0.03  <0.01  .  0.02  0.01 
3/5 EC  0  0.53  0.05  0.53  0.01  0.02  0.01  0.03  0.01 
2/5 EC   0  0.72  0.06  0.53  0.04  <0.01  .  0.02  0.01 
No gypsum  0  0.23  0.02  0.22  0.01  <0.01  .  0.02  0.01 
Seawater  3  0.32  0.04  0.53  0.02  0.06  0.01  0.16  0.01 
   5  0.65  0.01  0.43  0.01  0.24  0.01  0.25  0.01 
   8  0.85  0.01  0.60  0.05  0.21  0.01  0.32  0.02 
   10  1.78  0.15  0.68  0.05  0.45  0.04  0.48  0.05 
   20  2.60  0.20  1.17  0.05  0.93  0.03  0.76  0.04 
Carbonated  3  0.57  0.11  0.43  0.02  0.02  0.01  0.03  0.01 
   5  1.41  0.39  0.39  0.04  0.04  0.01  0.04  0.01 
   8  0.84  0.11  0.33  0.01  0.05  0.01  0.04  0.01 
   10  0.28  0.01  0.35  0.01  0.04  0.01  0.05  0.01 
   20  0.49  0.02  0.37  0.03  0.07  0.01  0.08  0.01 
Unaltered  3  0.78  0.17  0.44  0.01  0.03  0.01  0.03  0.01 
   5  1.20  0.25  0.58  0.04  0.04  0.01  0.05  0.01 
   8  0.70  0.07  0.61  0.18  0.04  0.01  0.05  0.01 
   10  0.44  0.13  0.41  0.05  0.05  0.02  0.05  0.01 
   20  0.43  0.12  0.23  0.01  0.05  0.01  0.05  0.01 
Means (n = 3) and standard errors (SE) are shown. 
Initial = prior to seeds being sown 
Final = after removal of seeds/seedlings 
 










Extractable K concentrations were also very low (< 0.05 cmolc kg
-1) for all treatments, 
except seawater fines additions.  Seawater fines treatments had extractable K 
concentrations ranging from 0.11 - 0.81 cmolc kg
-1.  Sodium was high in all residue 
treatments ranging from 5.65 - 56.5 cmolc kg
-1.  Extractable Na decreased in final 
samplings in all residue treatments to values ranging from 3.43 – 18.43 cmolc kg
-1. 
 
Table 6.5. Extractable K and Na in bauxite residue fines treatments from an 
Acacia saligna emergence study. 
Potassium cmolc kg
-1  Sodium cmolc kg
-1 
Initial  Final  Initial  Final  Treatment  Fines 
(%) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Inert Sand  0  0.05  0.01  0.07  0.01  0.12  0.01  0.14  0.02 
Residue Sand  0  <0.01  .  0.06  0.01  12.2  0.46  3.43  0.58 
4/5 EC  0  <0.01  .  0.08  0.01  8.03  0.80  5.98  0.48 
3/5 EC  0  0.06  0.01  0.11  0.01  8.50  1.34  6.11  0.31 
2/5 EC  0  0.05  0.01  0.08  0.01  5.65  0.72  2.58  0.11 
No gypsum  0  <0.01  .  0.09  0.01  10.9  0.15  8.86  1.02 
Seawater  3  0.11  0.02  0.13  0.01  14.9  1.28  10.1  0.35 
   5  0.18  0.01  0.13  0.01  17.2  0.29  5.55  0.41 
   8  0.23  0.01  0.23  0.01  22.7  0.01  17.5  0.61 
   10  0.28  0.01  0.19  0.01  21.5  0.58  9.08  0.47 
   20  0.81  0.01  0.23  0.01  56.5  0.58  9.56  0.66 
Carbonated  3  <0.01  .  0.09  0.01  12.3  0.52  9.65  0.44 
   5  <0.01  .  0.06  0.01  15.5  0.31  5.20  0.29 
   8  0.05  0.01  0.09  0.01  18.6  0.58  13.9  0.76 
   10  <0.01  .  0.08  0.01  18.6  0.58  9.78  1.02 
   20  0.05  0.01  0.08  0.01  26.2  1.75  11.1  0.24 
Unaltered  3  0.05  0.01  0.09  0.01  14.6  0.51  10.6  0.04 
   5  <0.01  .  0.07  0.01  17.4  0.94  5.55  0.34 
   8  0.05  0.01  0.07  0.01  18.6  0.58  10.5  1.49 
   10  <0.01  .  0.07  0.01  20.4  0.58  9.69  0.17 
   20  <0.01  .  0.08  0.01  29.7  1.01  18.4  1.06 
Means (n = 3) and standard errors (SE) are shown. 
Initial = prior to seeds being sown 
Final = after removal of seeds/seedlings 
 
  Only a few situations occurred where concentrations of individual cations 
correlated well with emergence, but the ratios between extractable cations (i.e. Na/Ca) 
and emergence were closely related.  Emergence of A. saligna was negatively correlated 
to increases in the Na/Ca ratios and positively correlated to increases in Ca/Mg and 







Emergence was related to a log function of the Na/Ca ratio (Figure 6.2).  Ratios of 
Na/Ca greater than 40 prevented successful emergence of A.saligna seedlings.  But as 
with EC, seawater treatments did not fit well into this relationship.  Regressions of 
emergence of seedlings in seawater fines treatments as a function of Na/Ca did not 
result in a significant relationship.  
 
 

















Figure 6.2. Emergence of Acacia saligna as a function of final Na/Ca (extractable 



























Emergence plotted as a linear function of Ca/Mg ratios for the residue sand, carbonated 
and unaltered treatments produced a significant positive relationship (Figure 6.3). 
 
 

















Figure 6.3. Emergence of Acacia saligna as a linear function of final Ca/Mg 


























  Emergence of A. saligna in seawater treatments was also correlated to Ca/Mg 
ratios, but the relationship was very different than in the other residue treatments.  The 
slope of the linear regression was much lower and the Ca/Mg ratio range was much 
smaller (Figure 6.4).  Seawater treatments did not result in Ca/Mg ratios larger than 6, 
while nearly all other treatments produced Ca/Mg ratios larger than 6.  One of the few 
strong correlations between any of extractable cations and residue treatments was the 
correlation between emergence in seawater fines treatments and Mg concentrations 
(Pearson correlation = - 0.353, P < 0.001, N = 35).  Increased Mg concentrations were 
correlated with fewer seedlings emerging in seawater fines treatments.    
















Figure 6.4. Emergence of Acacia saligna as a linear function of final Ca/Mg 






















  Emergence also had a positive linear relationship to final K/Na ratios (Figure 
6.5) in all treatments, except the seawater fines additions.  No relationship between 
emergence and final K/Na ratios occurred for seawater fines additions. 









Figure 6.5. Emergence of Acacia saligna as a function of final K/Na (extractable 
NH4Cl @ pH 8.5) in residue sands, carbonated and unaltered residue fines 
additions. 
 
  Greater EC resulted in lower emergence of A. saligna, but this was not the only 
determining variable.  Much of the variation in emergence can be explained by using 
EC data alone, but for non-seawater treatments the Na/Ca ratio or K/Na ratio appears to 























Final EC was linearly related to Na/Ca in non-seawater treatments (Figure 6.6).  As EC 
and Na/Ca are very well related, measurements of EC (1:5 soil:water) in non-seawater 
fines treatments with 2% (w/w) phosphogypsum amendments are adequate to determine 
if values in a substrate were below the threshold (< 2 dS m
-1) for successful emergence 
of A.saligna seedlings.  














Figure 6.6. Final Na/Ca (extractable NH4Cl @ pH 8.5) relationship with final EC 
in non-seawater bauxite residue treatments.  
 
  As EC measurements in seawater treatments did not clearly explain the pattern 
of emergence of A.saligna, it appears necessary to measure the extractable Ca and Mg 
concentrations to achieve a pattern of emergence success.  The only significant 
correlations with emergence of A. saligna for seawater treatments were the Ca/Mg 
measurements.  Although, it was not possible to easily delineate a pattern in seawater 
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treatments, the benefit is that all seawater treatments produced emerged seedlings, even 
with final EC as high as 3.33 dS m
-1, well above that for non-seawater treatments. 
6.4.2.3  Non-emerged seeds 
  Percentages of non-emerged seeds are shown in Table 6.6.  Of the 2300 A. 
saligna seeds sub-sampled for categorization, 20 % emerged; 1 % germinated, but did 
not emerge; 7 % imbibed; only 3 % were non-active; 68 % imbibed, but were rotten; 
and 2 % were missing.  After 45 days, seeds in most treatments had failed to germinate 
and emerge properly.  This failed germination is possibly due to the high Na/Ca and 
Na/K ratios, which may have allowed for ion substitution in membranes resulting in 
destroyed seed embryos before the seeds could germinate fully.  There were no 
indications that seeds had germinated, but just failed to penetrate the growth medium 
surface (distance ~ 1 cm).  By contrast in the seawater treatments, the high percentage 
of germinated and imbibed seeds indicate that the high salts contents may be restricting 
processes which follow initial imbibition of the seeds.  While their germination was 
delayed they were not destroyed by the high Na/Ca ratios as in the other treatments.   
  Missing seeds were the result of either an inability to observe the degraded seeds 
against the dark reddish-brown color of the residue growth media or the cell not being 
planted.  In the seawater 5 % fines additions, one row was not planted (16 cells), and 












Table 6.6. Percentages of emerged and non-emerged categorized Acacia saligna 
seeds (n = 100) after 45 days in bauxite residue treatments. 














2  Inert Sand  0.04  80  0  0  13  7  0 
1  Inert Sand  0.02  77  0  0  0  21  2 
2  Residue Sand  
(no gypsum)  1.07  0  0  10  0  90  0 
2  Residue Sand  0.64  33  1  4  2  60  0 
1  Residue Sand  0.61  47  0  11  1  39  2 
2  Residue Sand  
(4/5 EC)  0.79  32  0  1  0  66  1 
2  Residue Sand 
(3/5 EC)  0.89  14  0  5  0  81  0 
2  Residue Sand  
(2/5 EC)  0.29  61  0  4  0  27  8 
2  Seawater 3 %  1.68  19  1  3  0  77  0 
1  Seawater 5 %  0.65  4  1  21  4  54  16 
2  Seawater 8 %  3.33  9  1  6  1  83  0 
1  Seawater 10 %  1.43  14  6  27  10  43  0 
1  Seawater 20 %  1.73  12  5  22  11  48  2 
2  Carbonated 3 %  1.47  10  6  0  0  84  0 
1  Carbonated 5 %  0.54  16  2  8  3  71  0 
2  Carbonated 8 %  2.21  0  0  0  0  96  4 
1  Carbonated 10 %  0.81  3  1  10  1  85  0 
1  Carbonated 20 %  0.99  3  5  6  5  80  1 
2  Unaltered 3 %  1.3  6  0  3  1  90  0 
1  Unaltered 5 %  0.4  6  0  8  2  79  5 
2  Unaltered 8 %  1.19  2  0  0  1  96  1 
1  Unaltered 10 %  0.72  1  1  4  3  90  1 
1  Unaltered 20 %  1.67  0  1  1  1  97  0 
Emerged = visible green plant material above growth media 
Germinated = obvious penetration of the seed coat by healthy cotyledon, but not emerged above media 
Imbibed = swollen seed with viable healthy embryo inside 
Non-active = intact seed coat with no visible signs of swelling and seed is firm to hard 
Rotten = empty seed coat or brown / grey embryo 
 
6.4.3  Responses of vegetation at field sites 
6.4.3.1  Vegetation from tubestock 
  Survival of vegetation planted from tubestock at Kwinana and Pinjarra RDA 
field sites is shown in Table 6.7 and Table 6.8.  Results for Melaleuca acerosa and 
Calothamnus quadrifidus were combined, due to difficulties separating very small 
juvenile plants of these species.  This was also the case for Hakea lissocarpha and 
Hakea trifurcata (Hakeas) and for Grevillea crithmifolia and Grevillea thelmanniana 






the Kwinana RDA decreased to 71 % (Table 6.7), and to 24 % at the Pinjarra RDA 
(Table 6.8).  
Table 6.7. Plant survival percentage, over 22 months, of tubestock vegetation 
planted into bauxite residue fine treatment field sites at the Kwinana residue 
disposal area. 
Genus and species  October 2006  April 2007  October 2007  April 2008 
Carpobrotus virescens  100  100  100  100 
Grevilleas (crithmifolia/thelmanniana)  96.3  96.3  92.5  92.5 
Eucalyptus gomphocephala  93.8  93.8  93.8  90.1 
Scaevola crassifolia  95.0  90.0  88.8  88.8 
Eremophila glabra  92.5  92.5  90.0  82.5 
Melaleuca acerosa /  
Calothamnus quadrifidus  86.9  82.4  82.4  82.4 
Guichenotia ledifolia  93.0  88.7  88.7  75.7 
Agonis flexuosa  96.3  90.0  87.5  67.5 
Conostylis candicans  90.0  78.8  71.3  66.3 
Pimelea ferruginea  100  81.3  76.3  51.3 
Calocephalus brownie  90.0  83.8  51.3  51.3 
Hakeas (trifurcata/lissocarpha)  95.6  76.9  42.5  36.9 
Olearia axillaris  78.1  57.8  34.4  31.3 
Survival Total %  93.0  85.9  77.0  71.3 
 
At both the RDAs, the greatest survival was Carpobrotus virescens.  In contrast, both 
the Hakeas and Pimelea ferruginea suffered heavy mortalities at both sites.  The only 
grass-like species, Conostylis candicans was one of the least successful species. 
  The least successful species overall were the Hakeas.  These species had 
survival of only 2.5 and 36.9 % at the Pinjarra and Kwinana RDAs, respectively.  There 
were large differences in survival between the two RDA’s, but two species that had 
similar results at both sites were Calocephalus brownii and Olearia axillaris.  Similar 
losses for Calocephalus brownii and Olearia axillaris occurred at both sites over the 
first winter, thus reflecting difficulties with transplanting and then similar losses 
occurred over the next 22 months.  This shows that Calocephalus brownii and Olearia 
axillaris were capable of overcoming the additional difficulties at the Pinjarra site and 
were not substantially preyed on by the kangaroos (see Section 2.7.2.5).  Heavy losses 






tubestock vegetation data, but it also allows for these comparisons of species’ ability to 
deal with conditions at two different microclimate sites.   
  Another species that survived well at the harsher Pinjarra RDA was Scaevola 
crassifolia.  After an initial decline of 40 % over the first dry season, established 
Scaevola crassifolia plants continued to survive.  Some of the high losses at Pinjarra 
can be explained by high rates of kangaroo predation, within the first month of the field 
site setup being completed.  Sites were immediately replanted and plastic plant guards 
were installed, but there where still some further predation by kangaroos which would 
either trample or pull out tubestock vegetation from the growth media.  In addition, due 
to the limited rehabilitation areas at the Pinjarra site, a north facing slope was the only 
possible option.  A north facing slope would increase daily sunlight, thus increasing soil 
surface temperatures and decrease soil moisture compared to a south facing slope.  This 
would create an overall harsher environment for vegetation to establish and survive at 
Pinjarra.   
Table 6.8. Plant survival percentage, over 22 months, of tubestock vegetation 
planted into bauxite residue fines treatment field sites at the Pinjarra residue 
disposal area. 
Genus and species  October 2006  April 2007  October 2007  April 2008 
Carpobrotus virescens  92.5  85.0  85.0  78.8 
Eremophila glabra  88.8  83.8  83.8  75.0 
Olearia axillaris  78.8  58.8  56.3  56.3 
Calocephalus brownie  92.5  67.5  41.3  51.3 
Scaevola crassifolia  95.0  58.8  56.3  46.3 
Guichenotia ledifolia  85.0  61.3  41.3  36.3 
Hardenbergia comptoniana  83.8  31.3  23.8  17.5 
Eucalyptus gomphocephala  71.3  27.5  18.8  13.8 
Pimelea ferruginea  66.3  23.8  16.3  5.0 
Agonis flexuosa  68.8  11.3  10.0  3.8 
Grevilleas (crithmifolia / thelemanniana)  65.0  10.6  8.1  3.8 
Hakeas (trifurcata/lissocarpha)  71.9  17.5  3.8  2.5 
Melaleuca acerosa /  
Calothamnus quadrifidus  61.9  5.6  2.5  2.5 
Conostylis candicans  88.8  10.0  6.3  2.5 







  Results of tubestock survival within bauxite residue treatment plots, from July 
2006 until April 2008, at the RDAs are shown in Table 6.9 and Table 6.10.  Treatment 
trends appear to be opposite at the two RDAs, with Kwinana having the least survival in 
the control treatment and at Pinjarra the greatest survival in the control treatment.   
  Possible benefits of fines additions which may initially assist vegetation include 
additional PAW (see Chapter 3).  At the Kwinana RDA southern facing slope, this 
enhancement may not be as important as it might be on the northern facing slope of 
Pinjarra field site where water may be much scarcer for plant uptake, due to differences 
in soil surface temperature and the limited upward water movement towards the surface 
by capillary flow due to coarse-textured sand characteristics (Phillips IR, personal 
communication).   
Table 6.9. Effect of bauxite residue fine treatment on plant survival percentage of 
vegetation planted from tubestock, 22 months after being planted at the Kwinana 
residue disposal area.  










Scaevola crassifolia  88  81  75  100  100 
Carpobrotus virescens  94  100  100  100  100 
Eucalyptus gomphocephala  63  100  94  94  100 
Grevilleas (crithmifolia/thelemanniana)  100  94  78  94  97 
Eremophila glabra  69  81  88  88  88 
Guichenotia ledifolia  77  69  56  94  88 
Agonis flexuosa  50  69  44  94  81 
Melaleuca acerosa /  
Calothamnus quadrifidus  94  91  81  91  78 
Calocephalus brownii  75  38  31  69  44 
Conostylis candicans  88  56  69  75  44 
Pimelea ferruginea  69  63  38  50  38 
Hakeas (trifurcata/lissocarpha)  38  38  28  56  25 
Olearia axillaris  38  *  31  31  25 
Hardenbergia comptoniana  *  *  *  *  * 
Totals (%)  72  73  63  80  70 
* Not planted 
 
At Pinjarra, the control treatment had much greater survival for S. crassifolia, C. 






tended to have the least survival in the control treatment at the Kwinana sites (Table 
6.9).   
Table 6.10. Effect of bauxite residue fine treatment on plant survival percentage of 
vegetation planted from tubestock, 22 months after being planted at the Pinjarra 
residue disposal area.  










Carpobrotus virescens  56  88  88  88  75 
Scaevola crassifolia  13  50  81  19  69 
Eremophila glabra  88  69  88  69  63 
Calocephalus brownii  25  69  94  19  50 
Olearia axillaris  38  75  81  44  44 
Guichenotia ledifolia  19  31  69  25  38 
Hardenbergia comptoniana  13  6  31  19  19 
Eucalyptus gomphocephala  13  13  19  13  13 
Agonis flexuosa  6  0  0  0  13 
Conostylis candicans  6  0  0  0  6 
Pimelea ferruginea  6  13  0  0  6 
Melaleuca acerosa /  
Calothamnus quadrifidus 
3  0  0  3  6 
Hakeas (trifurcata/lissocarpha)  9  0  0  3  0 
Grevilleas (crithmifolia/thelemanniana)  6  0  6  6  0 
Totals (%)  21  29  40  22  29 
 
6.4.3.2  Vegetation from broadcast seeds 
  The trend for tubestock survival, whereby levels were low in the control 
treatment at the Kwinana site and high at the Pinjarra site, was repeated in the stem 
density and percentage cover estimates of seedlings emerged from broadcast seeds.  
Counts of stem density and estimates of percentage cover for bauxite residue fines 
treatment field sites are shown in Table 6.11 and Table 6.12.  At the Kwinana RDA, 
large numbers of seedlings (34400 – 44100) came up from broadcast seeding, after the 
first rainy season (October 2006 sampling).  Approximately 1/2 of these seedlings 
survived or were replaced by the end of the first dry season in April 2007.  Percentage 
cover during this measurement was low as plants were still in juvenile stages.  By the 






April 2007, but percentage cover increased dramatically reflecting the size increase in 
plants.  A small (< 10 %) portion of the increase was due to cover from weedy species, 
which had encroached at both RDA sites.   
Table 6.11. Counts of vegetation stems and estimations of percentage foliar cover 
on bauxite residue fine treatment field sites at Kwinana residue disposal area.   
Measurement  Carbonated 3 %  Carbonated 8 %  Control  Unaltered 3 %  Unaltered 8 % 
            October 2006 
Stems (180 m
2)  693  737  794  744  619 
Stems ha
-1  38500  40900  44100  41300  34400 
% Cover  0.79  0.91  1.00  0.84  0.71 
               April 2007 
Stems (180 m
2)  360  295  264  283  195 
Stems ha
-1  20000  16400  14700  15700  10800 
% Cover  1.03  1.08  0.95  1.37  1.24 
              October 2007 
Stems (180 m
2)  349  342  233  316  240 
Stems ha
-1  19400  19000  12900  17600  13300 
Weed stems ha
-1  22400  45300  62400  24300  26600 
% Cover  25.0  24.2  18.5  21.9  20.1 
              April 2008 
Stems (180 m
2)  241  227  190  222  168 
Stems ha
-1  13400  12600  10600  12300  9300 
Weed stems ha
-1  0  220  110  0  0 
% Cover  21.8  24.7  18.7  22.6  20.5 
 
Over the second dry season, native stem counts decreased by ~ 25 %, and weeds were 
scarcely present, but the percentage coverage was almost identical, due to the continued 
growth of established native plants over the dry season.     
  Patterns were similar at the Pinjarra RDA field sites, except the initial counts of 
seedlings from broadcast seeds were approximately half as large as at Kwinana, and the 
initial losses over the first dry season were much greater ( > 90 %).  Otherwise, 
increases occurred over the second wet season and the weeds encroached in the same 
manner.  At Pinjarra, there were 25 – 60 % losses in number of stems, and no weeds 
occurring after the second dry season.  Percentage cover at the Pinjarra site was 
approximately 10 times lower than at the Kwinana sites, as were the stem counts, 






Table 6.12. Counts of vegetation stems and estimations of percentage foliar cover 
on bauxite residue fine treatment field sites at Pinjarra residue disposal area.   
Measurement  Carbonated 3 %  Carbonated 8 %  Control  Unaltered 3 %  Unaltered 8 % 
           October 2006 
Stems (180 m
2)  381  946*  348  336  261 
Stems ha
-1  21200  52600*  19300  18700  14500 
% Cover  0.55  4.30  0.50  0.46  0.41 
             April 2007 
Stems (180 m
2)  26  11  28  11  21 
Stems ha
-1  1440  610  1560  610  1200 
% Cover  0.24  0.08  0.19  0.15  0.08 
            October 2007 
Stems (180 m
2)  77  50  81  85  61 
Stems ha
-1  4200  2800  4500  4700  3400 
Weed stems ha
-1  66900  99900  53400  49300  67200 
% Cover  3.1  2.5  5.4  2.8  1.8 
             April 2008 
Stems (180 m
2)  34  24  46  39  44 
Stems ha
-1  1890  1330  2560  2170  2440 
Weed stems ha
-1  0  0  0  0  0 
% Cover  2.6  2.2  5.0  2.1  1.5 
* estimated (~ 60 %) weeds 
 
 
6.4.4  Responses and whole plant nutrients of Acacia saligna from the Acacia 
saligna glasshouse study 
6.4.4.1  Aboveground and belowground biomass 
  Aboveground biomass of Acacia saligna under various residue fines treatments 
ranged from 0.15 g column
-1 to 1.39 g column
-1 and tended to decrease with increasing 
fines percentage addition (Table 6.13).  In seawater treatments, aboveground biomass 
tended to be greater than either the carbonated or unaltered treatments, at all rates of 
residue fines addition.  Overall the carbonated treatments resulted in the least vegetative 
growth, never exceeding 50 % of the biomass in the residue sand (control) treatments.  
The unaltered residue fines treatments were not significantly different than the growth 








Table 6.13.  Acacia saligna above and belowground biomass from 13 weeks growth 
in residue fines addition treatments from the Acacia saligna glasshouse study. 
Acacia saligna Aboveground 
biomass (g column
-1) 
Acacia saligna Belowground 
biomass (g column
-1)  Fines  Addition (%) 
Mean  S.E.  Mean  S.E. 
Control  0   1.21
a  0.17  1.86
ab  0.30 
1   1.19
ab  0.22  1.61
abc  0.38 
2    0.72
abcd  0.18  0.99
abcd  0.39 
3    0.84
abcd  0.22  1.18
abcd  0.37 
5    1.39
a  0.18  2.06
a  0.10 
10   0.48
cd  0.15  0.59
c  0.16 
Seawater 
20   0.45
d  0.15  0.65
c  0.22 
1    0.45
d  0.15  0.54
c  0.18 
2    0.59
bcd  0.08  0.67
c  0.06 
3    0.34
d  0.07  0.34  0.05 
5    0.47
d  0.07  0.55
c  0.08 
10   0.20  0.08  0.27  0.10 
Carbonated 
20    0.32
d  0.09  0.34  0.11 
1   0.96
ab  0.16  1.55
abc  0.27 
2    0.61
bcd  0.09  0.95
abcd  0.03 
3    0.70
abcd  0.14  0.86
abcd  0.18 
5    0.51
bcd  0.05  1.00
abcd  0.09 
10   0.21  0.05  0.40  0.07 
Unaltered 
20   0.15  0.02  0.31  0.04 
Means (n = 3) and standard errors (SE) are shown. 
Means followed by the same letter indicate not significantly different at P < 0.05 
 
  Belowground biomass of A. saligna was on average 45 % (1 to 96 %) greater 
than the aboveground biomass (Table 6.13).  Total belowground biomass ranged from 
0.27 g column
-1 to 2.06 g column
-1.  Belowground biomass, by depth increments, is 
shown in Table 6.14.  In the upper 10 cm of the growth media, dried biomass ranged 
from 0.27 - 1.20 g column
-1 and was equivalent to 58 - 100 % of total belowground 
biomass.  Seawater treatments tended to have greater belowground biomass than 
carbonated or unaltered fines treatments, which were not significantly different from 
each other.  All fines additions greater than 5 % produce significantly less belowground 







Table 6.14. Acacia saligna belowground biomass, by depth, after 13 weeks growth 
in residue fines addition treatments from the Acacia saligna glasshouse study. 
Belowground biomass 
(g) 0 - 10 cm 
Belowground biomass 
(g) 10 - 20 cm 
Belowground biomass 
(g) > 20 cm  Fines  Addition (%) 
Mean  SE  Mean  SE  Mean  SE 
Control  0  1.06
ab  0.11  0.45
ab  0.06  0.35
 a  0.13 
Seawater  1   1.01
abc  0.28  0.48
ab  0.10  0.13
 a  0.04 
   2   0.68
abc  0.15  0.26
bc  0.18  0.05  0.05 
   3   0.71
abc  0.09  0.34
abc  0.16  0.13
 a  0.13 
   5   1.20
a  0.13  0.75
a  0.06  0.10
 a  0.05 
   10  0.53
bc  0.15  0.06
c  0.02  0  0 
   20   0.48
bc  0.11  0.16
bc  0.10  0.01  0.01 
Carbonated  1   0.43
c  0.10  0.11
bc  0.08  0.01  0.01 
   2   0.56
bc  0.02  0.10
bc  0.03  0.02  0.02 
   3   0.31  0.03  0.03  0.02  0  0 
   5   0.46
bc  0.07  0.09
bc  0.01  0  0 
   10   0.27  0.09  0.01  0.01  0  0 
   20   0.33  0.11  0.01  0.01  0  0 
Unaltered  1   1.03
abc  0.11  0.40
bc  0.11  0.12
 a  0.06 
   2   0.81
abc  0.08  0.13
bc  0.05  0.02  0.01 
   3   0.71
abc  0.12  0.12
bc  0.06  0.03  0.01 
   5   0.74
abc  0.03  0.22
bc  0.06  0.05  0.03 
   10   0.36  0.08  0.04  0.02  0  0 
   20  0.31  0.04  0  0  0  0 
Means (n = 3) and standard errors (SE) are shown. 
Means followed by the same letter indicate not significantly different at P < 0.05 
   
Similar results occurred for roots at the 10 - 20 cm depth, with all fines additions greater 
than 5 %, having less root biomass than the control.  Biomass was lower than the 0 – 10 
cm depth, and was equivalent to 0 - 37 % of the total belowground biomass.  Root 
biomass below 20 cm comprised only 0 - 17 % of the total belowground biomass.  The 
seawater 20 % fines addition was the only treatment greater than 5 % fines to produce 
any biomass below 20 cm.  Belowground biomass of Acacia saligna was closely related 
to the aboveground biomass (Table 6.15). 
Table 6.15. Relationships between belowground biomass and aboveground 
biomass of Acacia saligna after 13 weeks growth in bauxite sands amended with 
residue fines. 
Depth of Acacia saligna 
roots  Relationship  p-value  r
2 
All depths  Below = - 0.014 + 1.446 * above  < 0.001  0.895 
0 – 10 cm  Below =   0.169 + 0.744 * above  < 0.001  0.829 






6.4.4.2  Whole plant nutrients 
  Nutrient concentrations in aboveground biomass samples of Acacia saligna 
from the Acacia saligna glasshouse study are shown in Table 6.16 to Table 6.18.  
Seawater treatments of 10 and 20 % fines addition produced A. saligna biomass with 
significantly greater concentrations of B (Table 6.16).  Sulphur was significantly greater 
in the carbonated 20 %, unaltered 10 and 20 % fines additions.  No significant 
differences were found for N or P.  
Table 6.16. Nitrogen, phosphorus, sulphur and boron in Acacia saligna 








-1)  Boron (mg kg
-1)  Treatment             
Addition (%) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control  0  9700  120  1470  190  9000  510  12  1 
Seawater  1  17000  1150  990  7  7830  670  18  1 
   2  24300  5170  810  100  10200  1330  19  2 
   3  28300  4170  740  49  9900  610  19  2 
   5  17700  2330  930  100  8600  700  18  2 
   10  29000  7000  620  120  9430  170  20
ab  1 
   20  30000  100  560  110  10970  1030  27
b  1 
Carbonated  1  26000  100  590  150  9530  240  17  2 
   2  24700  2030  2180  1050  10400  770  16  2 
   3  38000  100  570  71  11700  670  20  1 
   5  22700  3930  810  40  10600  370  17  2 
   10  22000  100  690  52  10900  1070  19  1 
   20  Is  Is  570  55  13700
ab  890  17  1 
Unaltered   1  15000  1730  970  130  10400  570  13  1 
   2  15700  2330  1060  150  10400  1350  15  2 
   3  22000  6080  2260  1000  12000  580  17  2 
   5  17000  2650  960  150  12000  1000  15  1 
   10  16500  3500  1020  190  20700
c  1200  17  1 
   20  Is  Is   710  55  15700
b  2030  18  1 
Means (n = 3) and standard errors (SE) are shown.  
Means followed by same letter not significantly different, but significantly greater than the control (0 %) at P < 0.05 
Is - insufficient sample 
 
  Calcium concentrations were significantly lower in carbonated 10 and 20 % 
fines additions, compared to all other treatments, including the control (Table 6.17). 
Magnesium concentrations were significantly greater in vegetation grown in seawater 






saligna biomass did not differ between treatments.  Sodium concentrations were three 
times greater in A. saligna grown in unaltered and carbonated 10 - 20 % fines additions 
compared to the control.  Although seawater fines treatments growth media initially had 
the greatest extractable Na concentrations (Table 4.7) compared to all other treatments, 
the Na content in A. saligna biomass grown in seawater fines treatments were not 
significantly greater than the control.  
Table 6.17. Calcium, magnesium, potassium and sodium in Acacia saligna 












-1)  Treatment Addition 
(%) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control  0  24000  2000  1200  160  12300  900  7800  400 
Seawater  1  21700  2300  2300
a  260  14000  1200  7400  1200 
   2  19000  2900  2300
a  430  11000  600  9100  100 
   3  17000  600  2200
a  60  11000  600  9900  600 
   5  20300  2400  2800
a  240  13300  1400  6300  700 
   10  15000  1700  2600
a  230  9500  1200  10200  800 
   20  18700  1900  3200
a  130  11300  300  10700  2200 
Carbonated  1  14000  1700  1000  40  9600  2000  11700  300 
   2  18300  1200  1200  190  16300  2800  10400  800 
   3  13300  2000  1000  140  8900  1100  13700  1900 
   5  15300  900  1300  60  11000  600  13700  700 
   10  8800
a  1600  900  50  8400  1000  26000
b  3100 
   20  10700
a  2800  1300  220  7400  1300  20700
a  4100 
 Unaltered  1  19300  1900  1200  30  12000  600  9600  700 
   2  20300  3400  1400  180  14000  1000  10700  1400 
   3  19300  3900  1600  90  18700  2700  14000  1700 
   5  27300  3500  1900  210  11200  1400  11000  1000 
   10  25700  3200  2200  190  19000  4000  27700
b  6700 
   20  22000  2100  2400
a  90  10700  1300  28300
b  2200 
Means (n = 3) and standard errors (SE) are shown.  
Means followed by same letter not significantly different, but all letters significantly different from the control (0 %) 
at P < 0.05 
 
  Compared to the control, all fines treatments had increased Fe and Al 
concentrations in vegetation biomass (Table 6.18).  Concentration of Fe in A.saligna 
aboveground biomass was linearly related (r
2 = 0.695, P < 0.05, n = 57) to percentage of 
fines addition by: Fe (mg kg
-1) = 320 + 107 * fines percentage.  Concentration of Al 
was also linearly related (r







-1) = 122 + 54 * fines percentage.  There were no statistical differences for 
Cu, Mn or Zn concentrations for any comparison, although Mn and to a lesser extent Zn 
concentrations were consistently low in A. saligna shoots. 
Table 6.18. Copper, manganese, zinc, iron and aluminum in Acacia saligna 















-1)  Treatment             
Addition (%) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control  0  7.1  1.0  7.4  1.3  7  1  190  20  80  10 
1  11.3  1.3  5.9  0.1  7  1  340  20  180  50 
2  9.3  1.9  7.1  1.6  8  2  460  80  180  30 
3  8.2  0.9  7.9  3.1  6  1  610  80  260  40 
5  6.7  0.5  6.2  0.6  6  1  640  100  280  50 
10  8.6  1.9  4.4  0.4  8  2  1180  260  520  120 
Seawater 
20  12.0  1.2  4.2  0.4  11  1  1730
bcd  180  820  90 
1  7.9  0.9  6.1  2.2  8  1  370  60  170  20 
2  12.5  2.9  4.2  0.8  15  6  540  70  240  10 
3  7.8  0.5  4.3  0.9  12  4  650  130  290  40 
5  5.9  0.8  5.4  1.1  7  1  910  90  420  40 
10  8.3  1.0  3.9  0.8  11  2  1530
abcd  120  760  50 
Carbonated 
20  6.7  1.5  3.9  0.5  8  1  2000
cd  460  1360
a  580 
1  6.2  1.2  7.2  0.7  9  3  370  100  160  40 
2  6.6  0.2  5.9  0.5  6  1  440  20  200  10 
3  13.0  4.7  5.7  2.2  16  7  610  100  240  30 
5  10.3  2.0  6.8  1.1  11  2  1230  380  540  180 
10  11.0  1.7  5.6  0.4  16  4  2160
d  380  890  160 
Unaltered 
20  15.3  0.9  5.2  0.9  16  3  3330
e  430  1330
a  200 
Means (n = 3) and standard errors (SE) are shown.  
Means followed by same letter not significantly different, but all letters significantly different from the control (0 %) 
at P < 0.05 
6.4.5  Recently matured leaf nutrients from Experiment 2 
6.4.5.1  Field vegetation 
  Concentrations of macronutrients, micronutrients, Na, and Al from Eremophilia 
glabra, Scaevola crassifolia and Eucalyptus gomphocephala sampled over two years, at 
the Kwinana and Pinjarra RDA sites are shown in Table 6.19.  Nutrient concentrations 
differed among species for S, Ca, Mg, K, B, Mn, Cu, Na and Fe.  The largest 






least 2 times greater, Cu at least 1.5 times greater and Na 2.5 times greater than in the 
other two species.  
Table 6.19.  Mean, median and range of macronutrient, micronutrients, Na and Al 
concentrations in recently developed leaves of Eremophilia glabra, Scaevola 
crassifolia and Eucalyptus gomphocephala grown on bauxite residue fines 
treatments in southwest Western Australia. 
Genus species  Element   Count  Mean  Median  Minimum  Maximum 
N (g kg
-1)  72  12.0  11.0  8.00  21.0 
P (g kg
-1)  73  2.22  2.20  0.51  5.20 
S (g kg
-1)  73  2.83  2.30  0.92  7.50 
Ca (g kg
-1)  73  9.42  9.30  5.80  14.0 
Mg (g kg
-1)   73  0.57  0.55  0.24  1.10 
K (g kg
-1)  73  17.7  18.0  10.0  27.0 
B (mg kg
-1)  73  31.0  32.0  22.0  43.0 
Zn (mg kg
-1)  73  28.0  27.0  11.0  66.0 
Mn (mg kg
-1)  73  12.0  11.0  5.00  21.0 
Cu (mg kg
-1)  33  9.00  8.00  3.00  17.0 
Na (g kg
-1)  73  5.58  5.20  1.90  12.0 
Fe (g kg




-1)  73  0.54  0.53  0.18  1.40 
N (g kg
-1)  87  13.0  13.0  7.00  20.0 
P (g kg
-1)  88  1.64  1.50  0.47  4.70 
S (g kg
-1)  88  30.2  28.0  8.50  60.0 
Ca (g kg
-1)  88  37.7  36.0  16.0  76.0 
Mg (g kg
-1)   88  0.49  0.41  0.16  1.60 
K (g kg
-1)  88  16.1  15.5  4.30  35.0 
B (mg kg
-1)  88  35.0  34.0  18.0  68.0 
Zn (mg kg
-1)  88  43.0  36.0  9.00  110 
Mn (mg kg
-1)  88  21.0  19.0  6.00  64.0 
Cu (mg kg
-1)  42  13.0  12.0  1.00  33.0 
Na (g kg
-1)  88  14.4  14.0  5.40  26.0 
Fe (g kg




-1)  88  0.47  0.34  0.13  2.00 
N (g kg
-1)  69  15.0  14.0  8.00  27.0 
P (g kg
-1)  71  1.25  1.10  0.45  3.10 
S (g kg
-1)  71  2.13  2.00  1.00  4.20 
Ca (g kg
-1)  71  18.3  17.0  8.90  42.0 
Mg (g kg
-1)   71  1.06  1.10  0.47  1.70 
K (g kg
-1)  71  7.78  7.90  2.60  11.0 
B (mg kg
-1)  71  44.0  44.0  22.0  71.0 
Zn (mg kg
-1)  71  20.0  19.0  10.0  37.0 
Mn (mg kg
-1)  71  136  120  22.0  470 
Cu (mg kg
-1)  34  4.00  4.00  1.00  10.0 
Na (g kg
-1)  71  4.30  4.30  2.00  7.60 
Fe (g kg












Eucalyptus gomphocephala had concentrations of Mn at least 10 times greater, Mg at 
least 2 times greater and B 1.5 times greater than the other two species.  Potassium 
concentrations in E. gomphocephala were only 1/2 that of the other two species and Fe 
concentrations were only 1/4 in E. gomphocephala.   
  Concentration differences, compared between years, for each species at the 
Kwinana and Pinjarra RDA sites are shown in Table 6.20.  Nitrogen concentrations 
decreased in biomass of E. gomphocephala from 2007 to 2008.  Boron and Mg 
concentrations decreased in most cases, for all species, while P, S, and K tended to 
increase over time.  Manganese content decreased in biomass of S. crassifolia and E. 
gomphocephala.  Although some differences occurred in Na, there were no biologically 
significant differences between 2007 and 2008, as all levels were high (> 4 g kg
-1).    
  Differences were also found between concentrations of nutrients in species 
grown at the two different residue disposal areas (Table 6.20).  Eremophila glabra had 
greater mean concentrations of S, Zn and Na at the Kwinana RDA, than at the Pinjarra 
RDA during both years.  In 2008, N, Ca, K and Fe were also higher at the Kwinana 
RDA than at the Pinjarra RDA.  Scaevola crassifolia at the Kwinana sites had higher S, 
Ca, B, Zn and Na; while the Pinjarra RDA had higher K, Mn and Al.  Eucalyptus 












Table 6.20. Macronutrient, micronutrients, Na and Al mean concentrations, per 
year, in recently developed leaves of Eremophila glabra, Scaevola crassifolia and 
Eucalyptus gomphocephala grown on bauxite residue fines in southwest Western 
Australia.  
Kwinana  Pinjarra 
Element  Year  Eremophila 
glabra  
( n = 15) 
Scaevola 
crassifolia 
(n = 25) 
Eucalyptus 
gomphocephala 
(n = 25) 
Eremophila 
glabra  
(n = 25) 
Scaevola 
crassifolia 
(n = 25) 
Eucalyptus 
gomphocephala 
( n = 15) 
2007  12.0  12.0  20.0*  12.0  14.0  15.0*  N (g kg
-1) 
2008  12.0  13.0  12.0  10.0  12.0  11.0 
2007  1.92  1.35  1.28*  1.90  1.60  1.35  P (g kg
-1) 
2008  2.87*  1.80*  1.05  2.38  1.88  1.61 
2007  3.18  35.8  2.13  1.63  21.3  1.73  S (g kg
-1) 
2008  5.33*  41.5  2.39  2.12*  16.4  1.91 
2007  9.17  44.4  19.9  9.10  36.8*  17.8  Ca (g kg
-1) 
2008  10.5*  39.1  17.0  9.17  26.7  18.0 
2007  0.73*  0.53  1.23*  0.64*  0.50*  1.34*  Mg (g kg
-1) 
2008  0.51  0.56  0.84  0.42  0.34  0.84 
2007  16.4  10.0  7.86  17.6  14.9  7.75  K (g kg
-1) 
2008  19.8*  18.5*  7.68  17.2  23.1*  7.88 
2007  33.0*  42.0*  44.0  36.0*  35.0*  48.0  B (mg kg
-1) 
2008  27.0  35.0  40.0  26.0  25.0  48.0 
2007  34.0  51.0  23.0*  26.0  32.0  22.0  Zn (mg kg
-1) 
2008  33.0  45.0  16.0  22.0  41.0  20.0 
2007  10.0  21.0*  208*  12.0  31.0*  140  Mn (mg kg
-1) 
2008  11.0  15.0  84.0  12.0  20.0  78.0 
2007
a  .  .  .  .  .  .  Cu (mg kg
-1) 
2008  12.0  13.0  4.00  6.00  14.0  6.00 
2007  6.19  18.6  4.31  5.00*  10.7*  4.43  Na (g kg
-1) 
2008  7.73*  17.4  4.30  4.10  8.27  4.12 
2007
a  .  .  .  .  .  .  Fe (g kg
-1) 
2008  3.07  1.48  0.56  2.04  2.86  0.57 
2007  0.37  0.34  0.31  0.46  0.52  0.16  Al (g kg
-1) 
2008  0.69*  0.34  0.23  0.68*  0.79  0.51* 
a - not analyzed  
* Significantly different, within species and mine, than previous year’s value (Tukey’s p = 0.05) 
 
  There were no statistical differences in vegetation nutrient concentrations 
between fines addition treatments, except Na which was the lowest in the control 








6.5  Discussion 
  Conversion factors for southwest Western Australian bauxite residue sand, 
unaltered fines, carbonated fines and seawater washed fines were determined.  Residue 
sand had readily soluble salts and produced a conversion factor of 12.5.  Unaltered 
residue fines had the lowest conversion factor (4.3), than carbonated (6.2), and seawater 
fines (6.6), illustrating the differences in salt compositions within fines and their 
solubilities.  The higher conversion factor in seawater fines is likely due to the forms of 
salt, which are more soluble, which precipitate during the seawater washing 
pretreatment of the residue fines.   
  Emergence of Acacia saligna in the inert sand was very successful with a mean 
seedling emergence of 77 %.  In this study, seeds were pretreated by boiling in distilled 
water for 30 seconds prior to being sown, and the resulting percentage of emergence of 
A. saligna was equal to or greater than in prior studies involving a variety of 
pretreatments.  Germination percentage of A. saligna in a study with a pretreatment of 
scarification was found to be 73 % (Rehman et al. 2000), and studies involving the 
pretreatment of boiling for 30 seconds resulted in 60 % (Bell and Williams 1998) and 
62 % germination (Bell et al. 1993).  Alcoa’s internal records, in combination with data 
from other studies, shows germination of A. saligna averaged 41 % over 33 individual 
tests (Koch and Taylor 2000).  Hence, this study involved good quality seed resulting in 
above average germination. 
  Emergence of Acacia saligna seedlings under laboratory conditions was 
inhibited in bauxite residue treatments, due to high salt contents (EC1:5 > 2 dS m
-1).  
More specifically, the extractable Na/Ca appeared to be the mechanism controlling 
emergence of A. saligna seedlings.  Treatments with Na/Ca ratios greater than 40 






the EC and/or Na/Ca threshold for germination.  Although no seawater treatments had 
Na/Ca ratios greater than 40, EC1:5 values were as high as 3.33 dS m
-1, and A. saligna 
seedlings were still able to successfully emerge.  The only significant pattern found in 
seawater treatments for emergence of A. saligna was when regressed against Ca/Mg 
ratios, with the larger ratios of Ca/Mg producing a higher percentage of successful 
emergences.  As EC1:5 was highly correlated with Na/Ca, in non-seawater treatments, 
the use of 2 dS m
-1 (~ 25 dS m
-1 saturated paste) as a threshold for emergence of A. 
saligna is a reliable predictor.  To ensure < 50 % inhibition of emergence, the EC1:5 
needs to be < 0.2 dS m
-1 (~ 2.5 dS m
-1 saturated paste).   
  Germination of A. saligna seeds in seawater fines treatments appeared delayed 
by high salt contents, as shown by the high percentage of imbibed and germinated seeds 
even after 45 days.  In other treatments, which had high Na/Ca, most seeds were rotten 
after this time period, signifying that after imbibing, germination failed.  This may have 
been caused by increased ion competition causing excessive Na uptake and resulting 
complications caused by ion specific effects.   
  Vegetation responses in the field had mixed results.  The Pinjarra RDA sites had 
much higher losses of vegetation from tubestock, than the Kwinana RDA sites, and 
much lower stem densities and percentage cover.  The differences in slope aspect, thus 
affecting soil surface moisture and temperature, may have been what led to poorer 
tubestock and broadcast seed performance at Pinjarra.  At the Pinjarra RDA, data 
suggests that vegetation was inhibited by fines additions, with the control treatment 
producing the greatest rate of survival for vegetation from tubestock and seedlings from 
broadcast seeds.  At Kwinana, this trend was the opposite and the control treatment 
produced the least survival for vegetation from all sources.  It is possible that at 






greater available water, and the osmotic effects from increased salinity due to fines 
additions, did not have a negative effect on survival of vegetation.  At the Pinjarra 
RDA, where the site was exposed to higher surface temperatures from a northerly 
aspect, soil moisture may have been lower and the addition of osmotic stress from the 
fines additions may have restricted water uptake, thus resulting in lower vegetation 
success in fines additions compared to the control site.     
  Improved growth media characteristics occurred with fines additions that 
increased water retention and nutrients (Chapters 3 and 4).  However, Acacia saligna 
biomass did not respond significantly to the addition of residue fines when compared 
with residue sand alone.  Vegetative growth over the three month growing period varied 
with rate of residue fines addition (tending to decrease with increased fines additions), 
and residue fines pre-treatment (seawater > carbonated = unaltered).  Even with the 
increases in plant available water (PAW) (Chapter 3), the negative chemical properties 
of the initial growth media (Chapters 4 and 5) with elevated exchangeable Na, EC and 
ESP, likely limited growth in the fines addition treatments, thus overriding the benefits 
of the PAW increase and nutrient increases.   
  Residue fines treatments had greater concentrations of many nutrients, and the 
control treatment had substantial vegetative biomass, but most A. saligna plants did 
exhibit varying degrees of nutrient deficiencies and/or Na toxicity.  Comparisons of 
data from the column study of plant nutrients in A. saligna grown on residue fines 
treatments with data from A. saligna grown in Western Australia native soils 
(unpublished data, N. George) show comparable N and Ca concentrations in shoots.   
Concentrations were higher for P, K, S, Na, and Fe in A. saligna grown in bauxite 






was 10 times greater in A. saligna grown in bauxite residues as compared to native 
vegetation on natural soils. 
Table 6.21. Mean concentrations of macronutrients, micronutrients, and Na in 
Acacia saligna whole plant biomass grown in bauxite residue fines treatments and 
native soils of Western Australia.  
Bauxite Residue Growth Media (n = 57)  *Native Western Australia Soils (n = 50)  A. saligna 
Nutrients  Mean  SE  Minimum  Maximum  Mean  SE  Minimum  Maximum 
N %  2.07  0.12  0.96  3.80  2.16  0.06  1.33  3.44 
P %  0.10  0.01  0.04  0.42  0.08  0.01  0.03  0.16 
K %  1.21  0.05  0.59  2.70  0.69  0.04  0.31  1.50 
S %  1.13  0.04  0.65  2.30  0.65  0.03  0.12  1.27 
Na %  1.36  0.09  0.50  4.10  0.12  0.01  0.03  0.61 
Ca %  1.84  0.08  0.65  3.40  1.56  0.08  0.24  3.18 
Mg %  0.18  0.01  0.08  0.35  0.48  0.02  0.18  0.98 
Cu mg/kg  9.20  0.50  4.10  22.0  5.36  0.45  1.52  22.0 
Zn mg/kg  10.0  1.00  4.00  30.0  36.5  3.00  7.35  90.0 
Mn mg/kg  5.60  0.30  2.20  14.0  60.1  6.01  5.00  181 
Fe mg/kg  1019  114  160  4100  96.8  5.91  41.7  218 
B mg/kg  18.0  1.00  11.0  29.0  50.4  3.05  14.0  90.9 
* sourced from George (2006), personal communication 
 
  Many studies have documented low or deficient concentrations of Mg, K, Zn, 
Mn and B (Courtney and Timpson 2004; Eastham and Morald 2006; Courtney et al. 
2008) in vegetation grown on bauxite residue sand.  High concentrations of P, K, S and 
Ca in biomass from residue sites are likely due to fertilizing with high rates of P and K, 
and the S and Ca were introduced from additions of 2 % (w/w) phosphogypsum.  
Decreased Zn and Mn bioavailability is associated with the alkaline conditions present 
within bauxite residues (Gherardi and Rengel 2001; Thiyagarajan et al. 2009). 
  In a study assessing pruning effects on root distribution and nutrient dynamics in 
northern Kenya, A. saligna foliar concentrations were analyzed for both pruned and 
unpruned trees (Peter and Lehmann 2000) (Table 6.22).  Comparisons of this data 
shows Acacia saligna grown on bauxite residues had comparable N, but lower P, K, 






higher Fe and Na.  Sodium was six times greater in A. saligna grown on bauxite 
residues in the current study. 
Table 6.22. Mean foliar nutrient concentrations in Acacia saligna in northern 
Kenya (Peter and Lehmann 2000).   
Element  Pruned*  Unpruned* 
N %  2.33  2.17 
P %  0.22  0.21 
K %  2.06  3.44 
Na %  0.19  0.35 
Ca %  1.28  1.22 
Mg %  0.52  0.48 
Zn mg/kg  34.1  43.4 
Mn mg/kg  135  87.1 
Fe mg/kg  404  497 
*data sourced from (Peter and Lehmann 2000) 
  Very low biomass of A. saligna in the 10 and 20 % residue fines treatments is 
likely due to retarded growth from high soluble and exchangeable Na present.  With 
initial ESP values ranging from 7 to 34 (Chapter 4), all treatments would be considered 
at least marginally sodic and this would compound problems for the vegetation through 
ion competition which may be limiting plant growth and development.  This is reflected 
by the nutrient concentrations in the vegetation biomass.  Nutrient contents of A. 
saligna plant biomass showed high Na concentrations, particularly for carbonated and 
unaltered treatments.  Also, decreased Ca concentrations in the 10 and 20 % fines 
additions of the carbonated treatment may have resulted from very high initial ESP 
causing Na ions to be taken up instead of Ca.  Seawater fines treatments, which 
produced significantly greater biomass, produced higher concentrations of B and Mg in 
A. saligna plant biomass, and although Fe and Al are elevated in biomass harvested 
from all fines treatments, it is unlikely these are at high enough levels to adversely 
effect plant growth or health. 
  Aboveground biomass dry weight of A. saligna after 18 weeks growth in bauxite 
residue sands with 5 % (w/w) gypsum, 30 % (w/w) topsoil and poultry manure 
amendments produced 14.75 g pot






researchers found belowground biomass was 65 % (1 - 150 %) greater than 
aboveground for plants with no noticeable nutrient deficiencies.  Growth after 13 weeks 
in bauxite residue with 2 % (w/w) amendment of phosphogypsum, in this study, only 
produced 1 g column
-1 on average aboveground dry weight and belowground biomass 
of A. saligna was on average 45 % (1 to 96 %) greater than the aboveground biomass.  
Ratios of above and belowground biomass appear to have been decreased, and when 
compared to the results of Wright et al. (1995), the extent of inhibited growth that 
occurred in this trial is apparent.  Decreased shoot to root ratios in A. saligna have been 
found before when grown in increasing in salt solutions (Shaybany and Kashirad 1978).  
Juvenile A. saligna were grown in NaCl solutions over a three month glasshouse study, 
which showed that 96 - 144 meq NaCl L
-1 solution caused a 50 % reduction in plant 
growth (Shaybany and Kashirad 1978).  Although A. saligna are salt tolerant, Mg and K 
were found to decrease in shoots and Na increased.  In addition, Zn increased and Ca 
decreased in both shoots and roots.  Although Ca and K were adequate in our study, Mg 
was deficient in all but the seawater treatments.   
  Although not assessed in the study, effects of rhizobium inoculation on Acacia 
species have a profound effect on the plant salinity tolerance (Hatimi 1999).  Acacia 
saligna in soils of southwestern Western Australia have a plethora of root nodule 
bacteria available for inoculation (Marsudi et al. 1999).  After 125 days of growth in 
waterlogged and non-waterlogged bauxite residue treatments, A. saligna was found to 
have ample rhizobium nodulation in the roots (Wright et al. 1995).  Although 
inoculation may not have occurred in the three month glasshouse study, it is likely that 
rhizobium inoculation would have occurred naturally in the bauxite residue 






  No treatment differences were found among fines addition treatments in the 
field for the biomass nutrient analysis for the native species of Eremophila glabra, 
Scaevola crassifolia and Eucalyptus gomphocephala.  But, a range of nutrient 
concentrations in the aboveground biomass of these native species grown in bauxite 
residue was compiled, changes in nutrient uptake by native vegetation over two years 
was completed and also differences were discovered in nutrient uptake between the two 
residue disposal areas.  Data from this study was useful as exploratory data sets, but 
additional intensive sampling of vegetation grown on these residue fines treatments for 
concentrations of Mg, B, Zn and Mn may reveal the extent to which deficiencies may 
be occurring. 
  Changes in nutrient concentrations occurred from the 2007 sampling to the 2008 
sampling, with N concentrations decreasing in E. gomphocephala; B and Mg decreasing 
in all species; while P, S and K concentrations tended to increase in vegetative biomass.  
Concentrations of Mn also decreased over the sampling period in S. crassifolia and E. 
gomphocephala.  A study of revegetation on gypsum amended bauxite residue in 
Ireland, also found decreases in N, Mg, and Mn in plant biomass over a two year period 
(Courtney and Timpson 2004).  In the current study, no biologically significant 
differences were found between years for Na in foliar nutrient concentrations, although 
Na did decrease over time in the residue growth media (Chapter 4 and 5).   
  Differences in nutrient concentrations in vegetation occurred between the 
residue disposal areas, with Kwinana having greater S, Zn, Ca and Na.  The higher Na 
concentrations in vegetation at Kwinana are interesting, because this site had greater 
vegetation success in terms of vegetation from tubestock and from broadcast seeds.  
Although Na concentrations were very high (> 2 cmol kg
-1, Table 4.18 and Table 4.19 






the idea that, differences in aspect of the field sites and the resulting soil temperature 
and possible reduced soil moisture were contributing factors to the vegetation failure at 
the Pinjarra RDA.    
  In a recent report to Alcoa (Bell et al. 2008), foliar analysis was completed for 
four native species:  Hardenbergia comptoniana, Grevillea crithmifolia, Eucalyptus 
gomphocephala, and Acacia rostellifera in which minimum concentrations of nutrients 
without deficiency symptoms were identified.  Results for E. gomphocephala are 
reproduced along with concentrations found in this study in Table 6.23.    
Table 6.23. Minimum required nutrient concentrations in Eucalyptus 
gomphocephala and mean, minimum and maximum concentrations found in plants 
grown in bauxite residue fines treatments during a two year field study. 
Element  Minimum Concentrations*   Mean  Minimum  Maximum 
N %  1.00  1.50  0.80  2.70 
P %  0.10  0.13  0.05  0.31 
S %  0.16  0.21  0.10  0.42 
Mg %  0.12  0.11  0.05  0.17 
K %  0.60  0.78  0.26  1.10 
Na %  >0.54**  0.43  0.20  0.76 
B mg kg
-1  24.0  44.0  22.0  71.0 
Zn mg kg
-1  13.9  20.0  10.0  37.0 
Mn mg kg
-1  18.0  136  22.0  470 
Cu mg kg
-1  1.70  4.00  1.00  10.0 
Fe mg kg
-1  64.0  560  320  1000 
* data sourced from Bell et al. (2008)  
** Larger concentrations yielded plant symptoms 
 
Vegetation sampled in the current two year field study show that at least some of the E. 
gomphocephala had low concentrations of N, P, Mg, K, Zn, and Cu; and the biomass 
had very high Na concentrations.   
6.6  Conclusion 
  Emergence of Acacia saligna seedlings was inhibited by EC1:5 > 2 dS m
-1 which 
corresponded with a Na/Ca ratio of > 40, except with the seawater fines additions.  
Seeds sown in seawater fines treatments were not exposed to Na/Ca > 40, but emerged 
from growth media with EC1:5 as high as 3.33 dS m
-1 and successive emergence 






freshwater leaching to values well below these levels is required to successfully 
establish some native species in the rehabilitation sites.  Vegetation responses were 
mixed in fines additions treatments in the field, and tended to decrease with fines 
additions in the greenhouse.  Poor growth in fines additions occurred, although these 
additions increased water retention and nutrients levels (particularly in seawater 
treatments).  Possible plant nutrient deficiencies included Mg, K, Zn, Mn and B.  
Sodium toxicity is likely an issue also, as many plants had very high biomass Na 
concentrations.  Data from this study suggests that short term adverse effects of nutrient 
deficiencies and Na toxicity with residue fines additions to sands may initially restrict 
successful establishment and plant growth.  To overcome these limitations it may be 
necessary to increase freshwater leaching to reduce salinity and sodicity in the growth 
media, prior to seeding.  Adjustments need to be made to the fertilizer regime to 
increase availability and concentrations of Mg and micronutrients to limit these 















































Chapter 7  Conclusions 
  The primary aim of this thesis was to determine if adding residue fines to 
residue sands could improve the physical and chemical characteristics of the growth 
media, to support a vegetative community, to improve rehabilitation success over the 
long term.  This was addressed in relation to three main research criteria to determine if 
incorporation of residue fines into residue sands:  
1)  Increased plant available water? 
2)  Increased nutrient concentrations and the growth media’s capability to retain 
nutrients? 
3)  Improved plant growth response and plant nutrient concentrations? 
  Results from this study showed that overall additions of residue fines improved: 
1) the water retention characteristics; 2) increased nutrient concentrations and nutrient 
retention in the growth media, and 3) increased nutrient concentrations in plant biomass.  
In contrast, plant growth in residue sand amended with residue fines produced variable 
results, due to the introduction of Na and alkalinity associated with the fines materials.  
Although additions of fines did increase nutrients, numerous potential nutrient 
deficiencies were still evident both in the growth media and the plant biomass 
regardless of the treatment. 
  Bauxite residue sand alone is not effective at retaining plant available water due 
to its low silt and clay content (< 2 %).  Alterations of the particle size distribution in 
residue sand treated with additions of residue fines greatly improved the ability of the 
growth media profile to retain water.  This occurred because additions of fines increased 
mesopores in the growth media from 2.8 % (in sand) up to 15 % (in 20 % fines addition 
treatments).  This resulted in increased water retention capacity in glasshouse studies.  






additions were not apparent, due to the low percentages of fines additions and greater 
variability of field conditions.  Moreover, the seawater treated fines which appeared in 
the glasshouse studies to be the most beneficial for plant growth were not available for 
evaluation in the field.  Glasshouse experiments found that water contents at field 
capacity and wilting point increased linearly with increasing percentage of residue fines 
between the range of 0 – 20 % fines.  Seawater residue fines treatments tended to have 
the greatest increases in water content for all measurements.  Plant available water also 
increased linearly with additions of residue fines, but estimates of osmotic potential 
based on electrical conductivity of fresh residues suggested that the increases in plant 
available water may be negated by increases in osmotic potential.  This suggests that 
increases in plant available water may only occur following leaching of excess soluble 
salts, with a concomitant reduction in osmotic potential.  With water contents in the 
field ranging from a low of 8 – 10 % average water content within the profile, during 
the dry summer, this amounts to only 160 mm of water per 160 cm of growth media 
depth.  After freshwater leaching and the removal of excess salts in the system, an 
addition of 20 % fines would substantially increase plant available water by 42 mm 
throughout a 1.6 m profile. 
  Findings from the glasshouse and field studies showed that initially the mixes of 
residue fines and fresh residue sands had adverse chemical characteristics mainly 
associated with high Na concentrations and alkalinity.  But after fresh water leaching, 
the mixed products of residue fines with residue sand, including phosphogypsum and 
fertilizer, showed positive changes in physical and chemical characteristics when 
compared with residue sand alone.  Detailed analysis from the glasshouse and leaching 






poor with pH being moderately basic (~ 8.7) and EC1:5 (3.5 - 5.3 dS m
-1) being 
excessively high within treatments.   
  Initially, increases in many plant nutrients (P, K, S, Ca, Mg, and B) were evident 
with increased percentage of residue fines added to residue sands and differences in 
nutrient concentrations occurred among fines treatments (seawater, carbonated or 
unaltered).  Seawater residue fines treatments showed the greatest increases in plant 
nutrients, mostly due to increased levels of Mg, Ca, K and B introduced from the 
seawater during the fines pretreatment processing, but carbonated and unaltered 
treatments also had significant improvements in extractable concentrations of S and P.  
Retention of nutrients, particularly Mg and K, was greater with increasing percentage of 
residue fines.  Retention of Na was also greater with increased residue fines percentage 
to residue sands, although Na was removed rapidly from the profile with over 90 % 
removal after three pore volumes of leaching.  Soluble Na was also found to be rapidly 
lost from the growth media profile in the field.  Field monitoring revealed that during 
2007, there was only a loss of Na in the upper 30 cm, but by 2008 there was significant 
loss throughout the entire profile.  Calcium concentrations in the field sites also 
decreased over time from 2006 to 2008 throughout the growth media profiles.  
Concentrations of Ca were decreased by ~ 1/2 over the first year and to ~ 1/4 of the 
initial values by the second years sampling.  This movement of Na and Ca down the 
profile occurred from an estimated 146 mm of rainfall leaching in 2007, and an 
additional 210 mm of leaching in 2008.   
  In the leaching column study, soluble Ca concentrations in the growth media 
showed that the phosphogypsum supply was exhausted in the 0 – 10 cm depths for all 
treatments, except the seawater fines additions, thus reflecting a greater buffer capacity 






pretreatment.  Carbonated and unaltered fines additions consumed significantly greater 
amounts of phosphogypsum, due to the likely coprecipitation of TCA6 (a major source 
of alkalinity in fines) during the dissolution of the phosphogypsum.  One significant 
advantage of applying seawater treated residue fines over carbonated treated or 
unaltered fines is the buffer capacity for alkalinity resulting in significantly less 
phosphogypsum required for amelioration. 
  Conditions for plant growth and nutrient availability after leaching (three pore 
volumes) remained less than ideal for all treatments, with the final pH ranges being 
alkaline (8.1 – 9.0).  Electrical conductivity had decreased to marginally acceptable 
levels (EC1:5 < 0.38 dS m
-1 at 0 - 10 cm, < 1.8 dS m
-1 at 10 - 40 cm depth) for the 
growth of most plants.  Many essential nutrients measured may still be marginally 
deficient in the growth media, and of particular concern are the low levels of Mg and B, 
except for in the seawater treatments.  Also K, which was initially marginal in seawater 
treatments, was found to be low in all treatments within short periods after fertilizer 
applications.  This occurred because K was found to be leached just as rapidly as the Na 
and easily lost from the growth media.  Overall, seawater residue fines additions 
showed the most promise as an amendment for residue sands to enhance plant growth 
conditions with increases in Ca, Mg, B, and K concentrations in the growth media.    
  Growth media nutrient deficiencies and adverse effects from the additions of Na 
inherent in residue fines are indicated by the findings of the poor plant growth responses 
and low foliage nutrients concentrations.  Emergence of Acacia saligna seedlings was 
inhibited by EC1:5 > 2 dS m
-1, which were highly correlated with Na/Ca ratio of > 40, 
for all treatments except the seawater fines additions.  No seedlings emerged from 
treatments with Na/Ca ratios greater than 40.  Seeds sown in seawater treatments were 







-1 and appeared more dependent on Ca/Mg than any other variable.   
  Vegetation growth responses were found to be highly variable in the field, and 
in the glasshouse, plant biomass tended to decrease with additions of residue fines to 
residue sands.  Poor vegetative growth in residue sand with additions of fines occurred, 
although there was increased water retention and increased nutrients (particularly in 
seawater treatments).  Increases in Na concentrations, EC and ESP all appear to have 
limited the growth of Acacia saligna in the glasshouse over three months.  Possible 
plant nutrient deficiencies reported throughout the experiments included Mg, K, Zn, Mn 
and B.  Sodium toxicity is likely an issue as many plants had very high Na 
concentrations in biomass as well. 
  Vegetation on residue rehabilitation sites is likely to struggle in the short term 
due to the competing cation species and nutrient deficiencies limiting vegetation 
establishment and growth.  With very small amounts of organic carbon (0.3 %) in 
residue materials, the initial stock of necessary nutrients in the plant available forms is 
limited.  Due to rapid leaching, even high rates of inorganic fertilizer applications 
appear to have not been enough to establish an effective pool of nutrients.  In the long 
term, vegetation will struggle without this nutrient pool from organic matter and the 
limited nutrient cycling in the growth media.  Researchers have predicted that it will 
take five years for residue sand to accumulate 5 g C kg
-1 soil, in the 0 - 10 cm depth 
increment, and a further 295 years to reach 50 g C kg
-1 soil (Jasper et al. 2000).  
Additions of fines material are important, because over the long term they will improve 
the abilities of the residue growth media to retain nutrients, through aggregation with 






7.1  Implications   
  Based on the short term results, the current data does not support the 
reintegration of unaltered or carbonated residue fines into residue sands for vegetation 
establishment on residue disposal areas, due to initial adverse effects from Na and 
alkalinity.  Seawater treated fines, which were not evaluated in the field, may prove to 
be more effective as an amendment to residue sands based on glasshouse results.  
Continued monitoring over a longer term (> 3 years) may reveal significant 
improvements in growth media from fines additions due to increased water holding 
capacity, increased nutrient retention capabilities, and possible increased soil 
aggregation.  
  For rehabilitation of current residue sites it is recommended that rehabilitation 
management: 
  Allows for rainwater leaching on vegetation sites prior to broadcast 
seeding or planting of tubestock seedlings.  As Na leaches rapidly from 
the upper 5 – 10 cm of the growth media (seed bed), only approximately 
100 mm of rainfall leaching (rainfall in excess of evaporation) is 
necessary to accomplish this.  If feasible, it would be preferable to allow 
for further leaching of the upper 30 cm of the growth media as the 
majority of plant roots will develop to this depth.  Based on results of Na 
reductions in the column leaching study, a total of nearly 300 mm of 
rainfall leaching would be required to achieve this and in this region of 
Western Australia this would require an entire rainy winter season.   
  Increase the rate of Mg in the fertilizer mix to overcome Mg deficiency 
in vegetation.  Currently 30 kg ha






this either needs to be increased or applied in a different form which 
increases plant availability while decreasing losses from leaching. 
If rehabilitation management was to include the incorporation of fines for the long term 
benefits, the two following recommendations for management should be considered: 
  Additions of fines may inhibit plant growth for the short term, but over 
the longer term silts and clays from the additions of fines may increase 
the aggregation of the growth media and increase the rate of soil 
development.  Increased aggregation of growth media will increase 
carbon sequestration and carbon storage in the form of particulate 
organic matter within aggregates.  By permanently altering pore spaces 
with additions of particles between 0.060 and 0.002 mm within the 
residue fines, this establishes a permanent increase in water retention and 
increases in nutrient retention through surface charges associated with 
clay particles.  Over the long term (> 5 years), additions of fines should 
increase the rate of development of the growth media into a functioning 
soil capable of sustaining a vegetative community.   
  Limit the incorporation of fines to either 30 or 60 cm depth.  This would 
reduce incorporation costs and fines could be added in conjunction with 
the inorganic fertilizer.  Greater processing of fines would have to occur 
with initial disking in “mud lakes” occurring on the same day as fines 
incorporation at the site.  This would limit clods developing in the fines, 
which occurs when fines are exposed to moisture or precipitation.  
Incorporation through repeated disking to 30 cm would allow for 
significant reduction in aggregate size of fines and a more thorough 






sand composite.  Greater mixing and the smaller the aggregate size may 
produce greater retention (water and nutrient) capacity from the 
fines/sand mixtures.  The majority of plant roots will be located within 
the upper 30 cm of the growth media profile (Jackson et al. 1996), and 
thus the increases in retention of water and nutrients will be the most 
beneficial to vegetation within these depths.  
7.2  Future research 
Possible future research avenues are numerous and not limited to:  
  Timing of vegetation planting based on extent of leaching to overcome adverse 
effects of Na and salts in fresh residue.  
  Possible use of non-residue fines (e.g. clays from natural soils) as an 
amendment.  
  Evaluation and correlation of vegetation growth in relation to media nutrient 
deficiencies and fertilizer regimes.  
  Long term evaluation of fines amendments on soil aggregation, carbon storage 
and development of nutrient pools. 
 
  One of the possible future research avenues could be a field study to focus on 
vegetation being planted at progressively longer intervals, after the creation of 
embankments, which could assess the amount of leaching necessary to achieve 
successful germination and emergence of native species.  As the correction of the main 
adverse effects of fines additions are reliant on leaching, staggered plantings of native 
species in the field would provide a greater knowledge of whether delayed plantings 






range of species.  The seed bed will be rapidly leached of salts, and the upper 30 cm 
appears to be dramatically reduced of Na content with as little as 300 mm of rainfall 
leaching.  Planting dates could be based on accumulative leaching from rainfall.  
Suggested rainfall amounts are 0, 100, 200, 300, 400 mm prior to seeding of species.  
Numerous native species could be used, which would encompass the range of salt 
tolerance, to determine thresholds for impacts on emergence and survival of species 
based on salt contents of residue growth media.   
  If a source of non-residue fines is available for usage as an amendment in 
rehabilitation, a project assessing short and long term effects on growth media potential 
should be initiated.  Usage of 3 - 10 % fines have been shown to drastically improve 
water and nutrient retention and improve crop yields in agricultural sandy soils (De 
Lima et al. 1998; Berthelsen et al. 2005; Soda et al. 2006).  This is particularly true for 
high activity clays (i.e.smectite, vertisols), but the most prevalent clays in southwest 
Western Australia are kaolinites and these clays may require greater rates of additions 
to achieve the same results.  As most adverse effects of fines additions appear to be 
connected to the inherent alkalinity and sodicity of residue materials, the additions of 
fines without Na and alkalinity should result in immediate benefits with no foreseeable 
adverse effects.  It is also well documented that increasing silt and clay content is 
directly related to increasing aggregation in soils.  Increased aggregation will result in 
greater soil development, carbon sequestration, aggregation and successful nutrient 
cycling in rehabilitation systems.    
  Annual sampling of a series of native vegetation species, with and without 
nutrient deficiency symptoms, grown in bauxite residues over a five year period, can be 
used as baseline data for plant nutrient thresholds.  By determining foliar and growth 






correlate growth media nutrient deficiencies with native species foliar deficiencies 
under field conditions (i.e. pH, salt contents).  An examination of nutrient loss from the 
growth media and subsequent reductions in foliar concentrations can be completed to 
determine nutrient retention in the system and also concomitant nutrient uptake by 
vegetation.  Many nutrients may not appear deficient based on growth media analysis, 
but are not able to be sufficiently utilized by vegetation, due to ion competition or 
limited bioavailability.  Complications in vegetation uptake of nutrients caused by high 
Na contents in the initial stages (0 - 2 years) may be able to be deduced and the 
rehabilitation strategy may be redeveloped for short and long-term nutrient 
management. 
  Long term research should focus on aggregate formation and carbon 
accumulation in residue rehabilitation systems.  The development of a healthy plant-
soil-atmosphere continuum depends on accumulation of nutrients into pools capable of 
cycling these nutrients within the system.  Silts and clays are important building blocks 
for aggregate formation, which is the basis of a sustainable nutrient pool (Edwards and 
Bremner 1967; Hassik 1997; Six et al. 1998; Smucker et al. 2007; Wagner et al. 2007).  
Residue fines treatment plots could be monitored yearly (considering seasonal effects) 
for vegetation biomass, litter decomposition rates, soil organic matter content, 
particulate organic matter (POM) forms (inter- and intra- of micro- and macro- 
aggregates) and microbial biomass carbon estimates.  These measurements will allow 
for a significant evaluation of carbon cycling in the system.  By monitoring the carbon 
inputs, rates of incorporation and different carbon pools it is possible to assess the 
“effectiveness” of nutrient cycling in the soil ecosystem.  Possible outcomes from such 
a study, in a harsh system with reduced soil trophic level interactions and nutrient pools, 






cycling.  Rates of carbon sequestration and storage in disturbed lands have become a 
major topic of discussion in recent years (Malik and Scullion 1998; Akala and Lal 1999; 
Stahl et al. 2003).  Research evaluating the long term effects of fines additions on 
aggregate formation and carbon accumulation may determine the ultimate success or 











Table 8.1. Saturated paste EC, pH, macronutrients, soluble cations and saturated 
water content in phosphogypsum and unaltered bauxite residue sand. 
Kwinana  Pinjarra  Phosphogypsum 
Unaltered Residue Sand  Unaltered Residue Sand 
  
Element  
Count  Mean  SE  Count  Mean  SE  Count  Mean  SE 
EC Saturated paste 
(dS/m)  6  2.24  0.02  2  11.6  .  2  11.3  . 
pH Saturated paste  6  6.60  0.08  2  9.82  .  2  9.90  . 
NH4 Saturated 
paste (mg/L)  6  0.09  0.02  2  0.21  .  2  0.46  . 
NO3 Saturated 
paste (mg/L)  .  .  .  2  0.60  .  2  0.50  . 
P Saturated paste 
(mg/L)  6  0.29  0.18  2  10.3  .  2  1.91  . 
S Saturated paste 
(mg/L)  6  296  2.33  2  110  .  2  45.0  . 
Ca Saturated paste 
(mg/L)  6  431  8.04  .  .  .  .  .  . 
Mg Saturated paste 
(mg/L)  6  1.21  0.59  2  0.39  .  .  .  . 
Na Saturated paste 
(mg/L)  6  22.3  9.67  2  2710  .  2  2750  . 
K Saturated paste 
(mg/L)  6  1.25  0.10  2  13.1  .  2  12.7  . 
Al Saturated paste 
(mg/L)  6  0.92  0.38  2  29.6  .  2  15.1  . 
Fe Saturated paste 
(mg/L)  6  0.01  0  2  7.98  .  2  2.95  . 
Cl Saturated paste 
(mg/L)  6  0.60  0.01  2  17.5  .  2  6.90  . 
Gravimetric water 















Table 8.2. Saturated paste EC, pH, macronutrients, soluble cations and saturated 
water content in carbonated and unaltered bauxite residue fines. 
Both Mines  Kwinana  Pinjarra 
Carbonated 100 %  Unaltered 100 %  Unaltered 100 % 
  
Element  
Count  Mean  SE  Count  Mean  SE  Count  Mean  SE 
EC Saturated paste 
(dS/m)  5  58.1  9.35  2  87.1  .  3  65.4  . 
pH Saturated paste  5  10.1  0.06  2  10.2  .  3  10.2  . 
NH4 Saturated 
paste (mg/L)  5  0.16  0.06  2  0.83  .  .  .  . 
NO3 Saturated 
paste (mg/L)  5  0.31  0.12  2  2.47  .  3  0.40  . 
P Saturated paste 
(mg/L)  5  38.6  15.1  2  62.5  .  3  48.9  . 
S Saturated paste 
(mg/L)  5  1770  408  2  1120  .  3  2180  . 
Ca Saturated paste 
(mg/L)  5  2.35  2.11  2  7.65  .  3  2.34  . 
Mg Saturated paste 
(mg/L)  5  4.62  3.62  2  2.20  .  .  .  . 
Na Saturated paste 
(mg/L)  5  13400  2580  2  22100  .  3  16270  . 
K Saturated paste 
(mg/L) 
5  18.1  0.44  2  21.1  .  3  19.9  . 
Al Saturated paste 
(mg/L)  5  6.32  1.02  2  44.1  .  3  4.09  . 
Fe Saturated paste 
(mg/L)  5  1.79  0.55  2  4.38  .  3  1.11  . 
Cl Saturated paste 
(mg/L)  5  1110  466  2  1760  .  3  1500  . 
Gravimetric water 

















Table 8.3. Macronutrients, exchangeable cations, anions, and DTPA 
micronutrients in phosphogypsum and unaltered bauxite residue sand. 
Kwinana  Pinjarra  Phosphogypsum 
Unaltered Residue Sand  Unaltered Residue Sand 
  
Element  
Count  Mean  SE  Count  Mean  SE  Count  Mean  SE 
Total N %  .  .  .  2  0.02  .  2  0.02  . 
Total P (mg/kg)  .  .  .  2  27.0  .  2  35.0  . 
Nitrate (mg/kg)  6  5.00  2.65  2  2.00  .  2  2.50  . 
Ammonium 
(mg/kg)  6  1.00  0  2  1.00  .  2  1.00  . 
Phosphorus 
(mg/kg)  6  145  9.35  2  5.00  .  2  7.00  . 
Potassium (mg/kg)  6  95.3  6.36  2  24.00  .  2  24.00  . 
Sulfur (mg/kg)  6  6200  128  2  154  .  2  159  . 
Available Sulfur 
(mg/kg)  .  .  .  2  24.3  .  2  33.5  . 
Organic Carbon %  6  0.15  0.01  2  0.11  .  2  0.10  . 
Boron (mg/kg)  6  0.93  0.03  2  0.10  .  2  0.10  . 
Ex Calcium 
(cmol/kg)  6  2.35  1.85  2  3.13  .  2  2.34  . 
Ex Magnesium 
(cmol/kg)  6  0.20  0  2  0.14  .  2  0.15  . 
Ex Sodium 
(cmol/kg)  6  0.21  0.01  2  3.91  .  2  4.75  . 
Ex Potassium 
(cmol/kg)  6  0.10  0  2  0.08  .  2  0.08  . 
Ex Al (cmol/kg)  .  .  .  2  0.02  .  2  0.02  . 
Ex Fe (cmol/kg)  .  .  .  2  10.7  .  2  6.33  . 
ECEC (cmol/kg)  .  .  .  2  20.0  .  2  15.6  . 
Chloride (mg/kg)  6  14.6  2.40  2  22.0  .  2  25.0  . 
HCO3 (mg/kg)  6  68.3  24.3  2  449  .  2  158  . 
CO3 (mg/kg)  .  .  .  2  18400  .  2  5310  . 
DTPA Cu (mg/kg)  6  0.21  0.01  2  0.10  .  2  0.18  . 
DTPA Zn (mg/kg)  6  0.16  0.01  2  0.15  .  2  0.10  . 
DTPA Mn 
(mg/kg)  6  0.29  0.01  2  0.31  .  2  0.26  . 
DTPA Fe (mg/kg)  6  5.10  0.98  2  5.57  .  2  5.06  . 
Al CaCl2 (mg/kg)  6  8.80  1.52  2  0.40  .  2  0.90  . 
Oxal Al (mg/kg)  .  .  .  2  871  .  2  1170  . 













Table 8.4. Macronutrients, exchangeable cations, anions, and DTPA 
micronutrients in carbonated and unaltered bauxite residue fines. 
Both Mines  Kwinana  Pinjarra 
Carbonated 100 %  Unaltered 100 %  Unaltered 100 %  Element 
Count  Mean  SE  Count  Mean  SE  Count  Mean  SE 
Total N %  5  0.03  0  2  0.03  .  3  0.03  0.01 
Total P 
(mg/kg)  5  430  51.5  2  450  .  3  464  1.00 
Nitrate 
(mg/kg)  5  4.20  2.18  2  3.50  .  3  3.33  2.33 
Ammonium 
(mg/kg) 
5  1.00  0  2  1.00  .  3  1.00  0.01 
Phosphorus 
(mg/kg)  5  81.0  28.8  2  121  .  3  128  3.48 
Potassium 
(mg/kg)  5  44.0  1.15  2  34.0  .  3  43.5  2.50 
Sulfur 




5  687  187  2  386  .  3  802  1.00 
Organic 
Carbon %  5  0.59  0.07  2  0.51  .  3  0.45  0.04 
Boron 
(mg/kg)  5  0.90  0.15  2  1.10  .  3  1.35  0.05 
Ex Calcium 




5  0.33  0.09  2  0.26  .  3  0.56  0.07 
Ex Sodium 
(cmol/kg)  5  28.6  5.95  2  30.7  .  3  33.5  7.29 
Ex Potassium 
(cmol/kg)  5  0.09  0.01  2  0.08  .  3  0.09  0.01 
Ex Al 
(cmol/kg)  5  0.05  0.01  2  0.04  .  3  0.05  0.01 
Ex Fe 
(cmol/kg)  5  3.20  0.77  2  1.49  .  3  1.68  0.01 
ECEC 
(cmol/kg)  5  45.4  12.2  2  45.8  .  3  53.3  0.10 
Chloride 
(mg/kg)  5  396  131  2  587  .  3  670  10.5 
HCO3 
(mg/kg)  5  1310  1010  2  2320  .  3  234  1.00 
CO3 (mg/kg)  5  16800  2350  2  35300  .  3  20570  1670 
DTPA Cu 
(mg/kg) 
5  0.86  0.09  2  1.16  .  3  0.88  0.06 
DTPA Zn 
(mg/kg)  5  0.24  0.03  2  0.27  .  3  0.08  0.05 
DTPA Mn 
(mg/kg)  5  0.31  0.04  2  0.26  .  3  0.26  0.01 
DTPA Fe 
(mg/kg)  5  10.5  1.22  2  5.84  .  3  8.03  1.72 
Al CaCl2 
(mg/kg)  5  60.5  37.3  2  113  .  3  155  22.4 
Oxal Al 
(mg/kg)  5  10100  732  2  9720  .  3  10720  100 
Oxal Fe 







Table 8.5. Concentrations of DTPA extractable Cu, Zn, Mn and Fe in bauxite 













-1)  Treatment  Sampling  Fines 
(%) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Initial  0  0.51  0.05  2.35  1.97  0.84  0.34  2.35  0.67  Control 
Final  0  0.42  0.07  0.58  0.24  0.31  0.03  2.69  0.25 
1  0.38  0.05  0.11  0.01  0.66  0.05  1.87  0.10 
2  0.49  0.04  0.14  0.06  3.19  2.33  4.92  1.17 
3  0.37  0.03  0.42  0.26  1.00  0.32  2.82  0.93 
5  0.48  0.06  0.31  0.22  1.20  0.43  3.08  0.17 
10  0.54  0.03  0.43  0.28  0.83  0.05  3.35  0.23 
Initial 
20  0.63  0.06  0.20  0.05  0.27  0.08  2.49  0.64 
1  0.27  0.03  1.16  0.89  0.37  0.06  3.01  0.03 
2  0.29  0.04  0.84  0.44  0.25  0.05  3.09  0.09 
3  1.22  1.00  1.46  0.62  0.23  0.02  2.74  0.36 
5  0.39  0.17  1.21  0.60  0.25  0.01  2.91  0.15 
10  0.56  0.21  0.96  0.48  0.14  0.04  2.90  0.21 
Seawater 
Final 
20  0.41  0.06  0.27  0.06  0.13  0.01  3.45  0.26 
1  0.39  0.03  0.18  0.03  0.69  0.24  4.30  0.90 
2  0.77  0.36  1.94  1.68  1.49  0.06  4.12  0.56 
3  0.27  0.02  1.08  0.84  1.33  0.08  3.43  0.26 
5  0.31  0.03  0.15  0.01  1.25  0.09  3.56  0.73 
10  0.34  0.02  0.16  0.02  2.54  1.09  5.30  1.43 
Initial 
20  3.86  3.47  0.20  0.02  1.07  0.51  3.04  0.59 
1  0.24  0.01  0.58  0.23  0.15  0.02  2.53  0.12 
2  0.52  0.20  4.05  3.14  0.15  0.04  2.78  0.10 
3  0.64  0.29  1.57  0.49  0.25  0.01  3.35  0.35 
5  0.47  0.18  0.78  0.50  0.19  0.05  2.64  0.17 
10  0.59  0.13  0.76  0.52  0.21  0.06  3.35  0.33 
Carbonated 
Final 
20  0.58  0.17  1.04  0.38  0.22  0.07  2.33  0.04 
1  0.30  0.03  3.34  3.09  1.04  0.47  4.66  0.31 
2  0.16  0.04  0.64  0.49  0.73  0.32  3.11  0.27 
3  0.38  0.16  0.44  0.28  1.18  0.05  3.60  0.94 
5  0.33  0.08  2.16  1.95  2.65  1.95  4.02  0.10 
10  0.31  0.02  0.31  0.14  0.17  0.07  3.71  0.72 
Initial 
20  0.39  0.02  2.88  2.52  0.07  0.03  4.65  0.98 
1  0.38  0.09  1.57  0.36  0.29  0.05  2.45  0.18 
2  0.16  0.01  0.36  0.10  0.21  0.02  1.87  0.14 
3  0.23  0.03  0.89  0.26  0.15  0.07  1.81  0.07 
5  0.33  0.12  1.04  0.30  0.19  0.02  1.88  0.08 
10  0.26  0.04  0.62  0.22  0.21  0.03  2.32  0.13 
 Unaltered 
 Final 
20  0.32  0.03  0.44  0.28  0.36  0.15  3.12  0.47 









Table 8.6. pH from saturated paste analysis of bauxite residue fines treatment field 
sites comparing fertilized verse unfertilized. 
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
           Fines  Depth 
                       (cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  8.83  0.24  8.74  0.46 
20  .  .  .  .  9.08  0.23  8.77  0.49 
30  .  .  .  .  9.03  0.29  9.10  0.33 
40  .  .  .  .  8.47  0.40  8.66  0.36 
50  .  .  .  .  .  .  8.60  0.28 
60  .  .  .  .  .  .  8.59  0.34 
**0% 
70  .  .  .  .  .  .  8.44  0.23 
  80  .  .  .  .  .  .  8.79  0.41 
10  8.22  0.75  8.80  0.42  8.21  0.62  9.04  0.41 
20  8.23  0.76  8.82  0.43  8.20  0.61  8.95  0.46 
30  8.23  0.74  8.87  0.46  8.30  0.64  9.11  0.37 
40  8.29  0.74  8.93  0.40  8.30  0.65  9.29  0.37 
50  .  .  9.07  0.40  .  .  9.25  0.38 
60  .  .  9.23  0.24  .  .  9.59  0.13 
3% 
70  .  .  9.21  0.28  .  .  9.69  0.08 
  80  .  .  8.82  0.50  .  .  9.78  0.06 
10  7.97  0.53  8.87  0.37  8.52  0.26  8.58  0.43 
20  8.08  0.63  8.85  0.31  8.69  0.21  8.73  0.37 
30  8.18  0.71  8.73  0.27  8.61  0.29  8.46  0.48 
40  8.35  0.70  9.01  0.29  8.42  0.47  8.88  0.39 
50  .  .  8.78  0.42  .  .  8.97  0.40 
60  .  .  8.82  0.40  .  .  9.06  0.30 
8% 
70  .  .  9.09  0.36  .  .  8.94  0.40 
pH 
   80  .  .  9.10  0.34  .  .  8.67  0.36 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.7. Electrical conductivity from saturated paste analysis of bauxite residue 
fines treatment field sites comparing fertilized verse unfertilized. 
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
           Fines  Depth 
                       (cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  9365  1125  13235  1456 
20  .  .  .  .  7823  926  12435  1186 
30  .  .  .  .  9848  1259  11050  1679 
40  .  .  .  .  11780  1829  11890  1386 
50  .  .  .  .  .  .  12235  1813 
60  .  .  .  .  .  .  12473  1580 
**0% 
70  .  .  .  .  .  .  13410  1765 
   80  .  .  .  .  .  .  15355  3070 
10  12345  793  11115  1102  14510  1101  14653  1583 
20  13283  1044  11325  1770  12925  858  16620  2663 
30  13098  672  12960  2064  15128  490  13965  3051 
40  12188  1449  11695  1546  15905  831  13433  2516 
50  .  .  11598  1503  .  .  12643  2072 
60  .  .  10850  1125  .  .  14155  1676 
3% 
70  .  .  11383  1498  .  .  13983  1458 
   80  .  .  11643  1566  .  .  13153  229 
10  13640  1807  13515  1895  17963  1162  24083  2795 
20  14253  905  13843  2756  18905  1666  21428  2165 
30  14325  1292  13408  2837  22078  1673  20295  2045 
40  13025  814  12253  3918  21263  1646  16843  752 
50  .  .  12948  3517  .  .  17440  1206 
60  .  .  12020  2624  .  .  17033  461 
8% 
70  .  .  12708  2634  .  .  18018  2129 
EC 
(mS/m) 
   80  .  .  14403  4055  .  .  19975  2407 
Means (n = 4) and standard errors (SE) are shown. 
**0 % unaltered = control (residue sand) 















Table 8.8. Concentrations of soluble ammonium from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Ammonium (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)  
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  2.28  1.04  1.35  1.26 
20  .  .  .  .  1.01  0.42  1.40  0.74 
30  .  .  .  .  0.95  0.51  1.20  0.54 
40  .  .  .  .  1.15  0.77  1.87  0.57 
50  .  .  .  .  .  .  1.49  0.57 
60  .  .  .  .  .  .  1.14  0.63 
70  .  .  .  .  .  .  1.72  1.30 
**0% 
80  .  .  .  .  .  .  0.46  0.08 
10  17.57  14.98  0.84  0.36  6.59  5.62  1.16  0.46 
20  1.61  0.76  1.15  0.22  0.53  0.28  2.38  0.53 
30  3.53  0.43  0.67  0.43  0.60  0.28  1.05  0.45 
40  1.10  0.61  0.42  0.20  1.04  1.02  1.10  0.53 
50  .  .  0.31  0.21  .  .  0.74  0.32 
60  .  .  0.75  0.30  .  .  0.81  0.40 
70  .  .  0.96  0.44  .  .  0.30  0.17 
3% 
80  .  .  0.58  0.24  .  .  0.60  0.27 
10  7.81  4.00  0.38  0.06  39.58  27.08  1.45  0.68 
20  2.64  1.60  0.36  0.19  10.61  4.91  0.95  0.57 
30  1.15  0.59  0.25  0.13  9.66  7.08  1.56  1.14 
40  0.53  0.37  0.47  0.20  1.57  0.78  0.71  0.61 
50  .  .  0.38  0.12  .  .  2.18  . 
60  .  .  0.35  0.18  .  .  0.74  0.65 
70  .  .  0.36  0.25  .  .  0.85  0.39 
8% 
80  .  .  0.23  0.12  .  .  0.78  0.40 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.9. Concentrations of soluble nitrate from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Nitrate (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  0.28  0.16  0.35  0.16 
20  .  .  .  .  0.33  0.13  0.22  0.07 
30  .  .  .  .  0.61  0.10  0.32  0.06 
40  .  .  .  .  0.41  0.34  0.58  0.11 
50  .  .  .  .  .  .  0.47  0.10 
60  .  .  .  .  .  .  0.29  0.11 
70  .  .  .  .  .  .  0.36  0.11 
**0% 
80  .  .  .  .  .  .  0.45  0.20 
10  0.32  0.21  0.55  0.22  0.08  0.04  0.39  0.01 
20  0.20  0.08  0.79  0.03  0.01  .  0.40  0.12 
30  0.08  0.01  0.95  0.43  0.09  .  0.38  0.19 
40  0.07  0.04  0.97  0.42  0.03  .  0.31  0.14 
50  .  .  1.21  0.21  .  .  0.47  0.07 
60  .  .  0.62  0.32  .  .  0.66  0.01 
70  .  .  0.62  0.10  .  .  0.43  0.24 
3% 
80  .  .  1.54  1.05  .  .  0.32  0.09 
10  0.55  0.43  0.60  0.33  0.43  0.21  0.35  0.09 
20  0.53  0.28  0.55  0.16  0.23  0.23  0.49  0.06 
30  0.31  0.05  0.17  0.06  0.09  0.06  0.22  0.11 
40  0.10  0.03  0.44  0.04  .  .  0.28  0.09 
50  .  .  0.49  0.08  .  .  0.28  0.09 
60  .  .  0.42  0.15  .  .  0.24  0.01 
70  .  .  0.56  0.02  .  .  0.52  0.33 
8% 
80  .  .  0.91  0.05  .  .  0.25  0.06 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.10. Concentrations of soluble phosphorus from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Phosphorus (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  2.73  2.03  0.87  0.55 
20  .  .  .  .  0.72  0.42  0.68  0.46 
30  .  .  .  .  0.54  0.24  3.44  2.45 
40  .  .  .  .  0.25  0.13  2.00  1.24 
50  .  .  .  .  .  .  1.37  0.73 
60  .  .  .  .  .  .  1.53  0.79 
70  .  .  .  .  .  .  1.43  0.76 
**0% 
80  .  .  .  .  .  .  0.82  0.47 
10  9.19  8.02  0.39  0.17  2.74  1.58  0.77  0.23 
20  29.47  28.61  0.31  0.14  1.08  0.49  2.14  1.27 
30  12.13  11.59  0.37  0.15  1.73  1.06  0.76  0.23 
40  2.45  2.02  0.53  0.17  1.41  0.77  0.77  0.29 
50  .  .  0.37  0.15  .  .  0.62  0.27 
60  .  .  0.39  0.19  .  .  0.83  0.32 
70  .  .  0.38  0.16  .  .  0.92  0.28 
3% 
80  .  .  0.35  0.15  .  .  0.94  0.21 
10  5.55  3.45  0.84  0.15  3.55  1.99  1.93  0.50 
20  9.21  8.30  0.71  0.15  4.35  3.44  1.66  0.33 
30  3.21  2.02  0.58  0.13  2.23  1.31  1.31  0.61 
40  8.28  7.09  0.64  0.23  1.34  0.52  1.15  0.26 
50  .  .  0.48  0.11  .  .  1.40  0.36 
60  .  .  0.96  0.50  .  .  1.15  0.25 
70  .  .  0.77  0.26  .  .  1.07  0.18 
8% 
80  .  .  1.00  0.32  .  .  1.18  0.25 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
















Table 8.11. Concentrations of soluble sulfate from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Sulfate (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  1116  182  1469  421 
20  .  .  .  .  1857  922  1297  393 
30  .  .  .  .  1105  177  1156  361 
40  .  .  .  .  1524  347  1444  286 
50  .  .  .  .  .  .  1507  342 
60  .  .  .  .  .  .  1573  276 
70  .  .  .  .  .  .  1755  292 
**0% 
80  .  .  .  .  .  .  1839  659 
10  1413  228  2112  703  1641  206  1443  345 
20  1573  338  2060  649  1426  216  2526  373 
30  1531  257  1942  368  1725  157  2245  919 
40  1318  327  1754  383  1885  252  1225  478 
50  .  .  1762  472  .  .  2281  960 
60  .  .  1584  395  .  .  1126  430 
70  .  .  2004  800  .  .  919  372 
3% 
80  .  .  1999  600  .  .  640  252 
10  1857  265  1455  327  2480  222  3608  313 
20  1954  197  1562  381  2663  325  2497  562 
30  1870  278  1554  415  3022  272  2367  481 
40  1533  256  1327  539  2884  273  1748  326 
50  .  .  1417  561  .  .  1804  343 
60  .  .  1353  466  .  .  1904  208 
70  .  .  1346  440  .  .  1614  575 
8% 
80  .  .  1499  616  .  .  2349  333 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.12. Concentrations of soluble calcium from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  23.7  21.3  121.3  85.5 
20  .  .  .  .  9.7  7.7  122.2  87.6 
30  .  .  .  .  15.9  13.7  121.7  116.0 
40  .  .  .  .  188.6  104.8  136.8  85.8 
50  .  .  .  .  .  .  114.2  82.8 
60  .  .  .  .  .  .  118.5  87.2 
70  .  .  .  .  .  .  81.7  40.4 
**0% 
80  .  .  .  .  .  .  112.0  72.9 
10  210.9  120.6  138.6  87.7  136.3  89.5  89.7  82.5 
20  209.2  119.4  97.9  85.8  139.3  99.4  121.3  81.8 
30  210.5  120.2  159.0  91.8  113.4  95.4  89.8  85.8 
40  132.2  94.7  111.6  89.7  53.1  32.9  87.9  86.6 
50  .  .  94.9  92.1  .  .  59.3  57.8 
60  .  .  7.0  3.8  .  .  2.4  1.1 
70  .  .  8.1  6.3  .  .  1.3  0.3 
3% 
80  .  .  59.5  52.4  .  .  1.0  0.1 
10  137.5  94.7  126.2  84.9  271.5  89.3  252.9  84.0 
20  216.2  118.5  115.2  84.5  237.4  91.3  179.5  93.0 
30  158.5  99.6  106.3  88.3  189.2  94.9  221.8  87.2 
40  61.0  45.0  93.2  89.4  226.9  97.7  98.6  87.5 
50  .  .  145.4  87.9  .  .  89.6  87.7 
60  .  .  116.3  85.2  .  .  35.6  29.7 
70  .  .  94.4  90.0  .  .  56.7  50.5 
8% 
80  .  .  91.9  88.5  .  .  135.5  80.7 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.13. Concentrations of soluble magnesium from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  6.28  1.25  12.31  7.29 
20  .  .  .  .  6.37  0.17  11.01  3.27 
30  .  .  .  .  5.78  0.60  15.22  8.20 
40  .  .  .  .  7.64  0.44  8.47  2.16 
50  .  .  .  .  .  .  8.70  1.43 
60  .  .  .  .  .  .  9.43  3.72 
70  .  .  .  .  .  .  8.20  3.40 
**0% 
80  .  .  .  .  .  .  9.65  2.95 
10  1.93  0.85  10.06  5.02  3.21  1.74  6.86  1.62 
20  1.71  0.00  7.27  3.42  3.85  2.03  6.13  1.13 
30  2.18  0.27  6.00  0.38  2.08  1.14  8.47  2.78 
40  1.56  0.22  6.51  0.98  1.55  0.47  7.39  1.62 
50  .  .  7.49  3.19  .  .  5.75  0.77 
60  .  .  4.03  0.96  .  .  7.70  3.43 
70  .  .  8.54  1.99  .  .  5.20  1.00 
3% 
80  .  .  8.24  2.59  .  .  7.01  2.47 
10  3.51  0.41  6.29  0.50  6.52  3.58  10.07  2.69 
20  2.34  0.65  9.03  2.22  5.50  3.69  10.00  1.96 
30  1.94  0.94  9.98  2.18  4.44  2.73  7.56  1.37 
40  2.28  0.46  5.99  1.31  1.20  0.63  10.08  3.66 
50  .  .  12.91  6.06  .  .  7.18  1.69 
60  .  .  7.29  2.14  .  .  9.78  2.26 
70  .  .  5.44  2.03  .  .  11.06  3.36 
8% 
80  .  .  8.51  4.63  .  .  8.05  1.48 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.14. Concentrations of soluble potassium from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  81.1  11.9  23.6  5.9 
20  .  .  .  .  32.2  5.1  22.1  6.2 
30  .  .  .  .  47.6  15.0  22.1  6.7 
40  .  .  .  .  36.8  9.4  26.4  8.1 
50  .  .  .  .  .  .  25.7  7.1 
60  .  .  .  .  .  .  22.4  5.3 
70  .  .  .  .  .  .  27.6  6.7 
**0% 
80  .  .  .  .  .  .  26.7  5.0 
10  173.4  29.0  16.9  2.3  123.0  45.0  46.2  17.6 
20  113.2  52.0  16.9  3.0  49.3  10.6  47.0  18.2 
30  119.5  63.7  21.9  4.0  49.5  14.9  31.4  13.6 
40  78.2  41.8  19.5  5.0  46.7  13.3  35.8  11.3 
50  .  .  20.5  7.2  .  .  28.2  10.5 
60  .  .  19.7  2.8  .  .  22.4  4.2 
70  .  .  17.5  1.9  .  .  16.1  1.8 
3% 
80  .  .  18.6  4.2  .  .  22.4  7.1 
10  262.9  99.9  24.6  5.8  252.7  63.3  30.5  7.1 
20  178.3  80.2  27.8  7.1  213.9  102.4  26.2  6.8 
30  121.5  59.8  39.1  11.0  207.1  115.7  29.3  9.2 
40  102.6  65.2  30.9  5.9  120.9  44.1  25.7  8.7 
50  .  .  23.2  2.8  .  .  22.6  7.7 
60  .  .  23.3  4.9  .  .  19.3  3.7 
70  .  .  20.6  3.3  .  .  23.7  4.4 
8% 
80  .  .  18.7  3.1  .  .  19.2  3.1 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.15. Concentrations of soluble sodium from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  1648  236  2771  430 
20  .  .  .  .  1444  210  2345  152 
30  .  .  .  .  1808  238  2076  247 
40  .  .  .  .  2036  336  2180  218 
50  .  .  .  .  .  .  2280  311 
60  .  .  .  .  .  .  2313  320 
70  .  .  .  .  .  .  2516  365 
**0% 
80  .  .  .  .  .  .  2925  487 
10  2288  274  1982  193  2752  402  2784  236 
20  2644  162  1453  471  2473  324  2831  334 
30  2503  116  2334  317  3051  277  2630  512 
40  2353  210  2118  229  3301  225  2574  417 
50  .  .  2098  196  .  .  2676  513 
60  .  .  2045  203  .  .  2789  287 
70  .  .  2170  264  .  .  2778  247 
3% 
80  .  .  2160  278  .  .  2775  91 
10  2551  345  2416  304  3240  271  4500  489 
20  2708  122  2424  441  3579  256  3945  336 
30  2846  99  2343  472  4112  174  3736  478 
40  2702  42  2138  657  3945  137  2428  720 
50  .  .  2234  580  .  .  3300  141 
60  .  .  2117  422  .  .  3248  18 
70  .  .  2369  463  .  .  3311  298 
8% 
80  .  .  2590  652  .  .  3587  306 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.16. Concentrations of soluble aluminum from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized. 
Aluminium (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  1.11  0.88  4.64  3.71 
20  .  .  .  .  1.89  1.01  5.51  4.00 
30  .  .  .  .  2.12  1.39  4.19  2.30 
40  .  .  .  .  1.96  1.83  1.17  0.85 
50  .  .  .  .  .  .  1.89  1.36 
60  .  .  .  .  .  .  1.79  1.47 
70  .  .  .  .  .  .  1.33  1.05 
**0% 
80  .  .  .  .  .  .  5.66  3.84 
10  0.55  0.32  2.11  0.85  2.74  2.08  5.43  3.05 
20  0.59  0.32  2.48  0.92  3.03  2.19  9.22  7.58 
30  0.60  0.37  3.18  1.61  1.23  0.69  7.70  5.44 
40  1.05  0.66  3.56  2.32  1.41  0.94  8.90  6.39 
50  .  .  5.51  3.63  .  .  8.14  6.78 
60  .  .  3.29  1.77  .  .  9.24  6.45 
70  .  .  5.30  2.12  .  .  10.21  3.79 
3% 
80  .  .  6.30  3.83  .  .  11.36  4.07 
10  0.15  0.07  2.12  1.26  0.13  0.11  5.17  2.91 
20  0.27  0.12  1.71  1.24  0.18  0.14  2.69  0.98 
30  0.83  0.43  2.65  2.34  0.20  0.14  3.10  1.22 
40  1.02  0.60  5.64  3.11  0.22  0.17  2.87  1.29 
50  .  .  7.99  5.29  .  .  4.19  0.96 
60  .  .  3.05  1.77  .  .  2.63  1.03 
70  .  .  7.63  6.17  .  .  2.95  0.36 
8% 
80  .  .  7.03  5.18  .  .  1.90  0.69 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.17. Concentrations of soluble iron from saturated paste analysis of bauxite 
residue fines treatment field sites comparing fertilized verse unfertilized. 
Iron (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth                   
           (cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  0.91  0.83  1.18  0.33 
20  .  .  .  .  1.69  1.33  1.25  0.44 
30  .  .  .  .  0.99  0.56  2.99  1.78 
40  .  .  .  .  1.63  1.56  0.88  0.48 
50  .  .  .  .  .  .  1.04  0.43 
60  .  .  .  .  .  .  2.22  1.54 
70  .  .  .  .  .  .  2.52  1.93 
**0% 
80  .  .  .  .  .  .  1.88  1.22 
10  0.06  0.03  0.52  0.33  0.06  0.04  0.16  0.04 
20  0.08  0.05  0.44  0.23  0.33  0.29  0.15  0.03 
30  0.06  0.04  0.86  0.64  0.08  0.02  0.34  0.15 
40  0.08  0.03  1.45  0.87  0.07  0.03  0.73  0.60 
50  .  .  0.80  0.52  .  .  0.60  0.46 
60  .  .  0.77  0.32  .  .  0.71  0.45 
70  .  .  1.98  1.26  .  .  0.34  0.16 
3% 
80  .  .  1.57  1.27  .  .  0.37  0.19 
10  0.01  0.01  0.24  0.04  0.03  0.02  0.22  0.12 
20  0.01  0.00  0.39  0.17  0.01  0.01  0.20  0.10 
30  0.01  0.00  0.45  0.23  0.04  0.02  0.31  0.26 
40  0.02  0.01  8.52  8.03  0.01  0.00  0.40  0.34 
50  .  .  17.23  16.40  .  .  0.39  0.28 
60  .  .  1.72  1.18  .  .  0.48  0.25 
70  .  .  5.22  4.96  .  .  0.32  0.08 
8% 
80  .  .  3.68  3.45  .  .  0.18  0.08 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
















Table 8.18. Concentrations of soluble bicarbonate from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Bicarbonate (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  126  28  1085  871 
20  .  .  .  .  287  62  1189  759 
30  .  .  .  .  288  39  761  360 
40  .  .  .  .  389  .  1006  . 
50  .  .  .  .  .  .  258  216 
60  .  .  .  .  .  .  203  . 
**0% 
80  .  .  .  .  .  .  936  800 
10  809  135  1015  187  1508  229  1148  600 
20  923  210  1121  367  1436  147  1761  536 
30  703  140  1513  147  1769  319  1069  662 
40  812  102  1523  7  1625  286  1461  531 
50  .  .  998  465  .  .  1673  745 
60  .  .  1431  328  .  .  1679  723 
70  .  .  949  424  .  .  2358  627 
3% 
80  .  .  1364  370  .  .  2719  641 
10  .  .  720  36  410  .  4205  . 
20  117  .  402  210  498  .  2691  . 
30  233  70  786  .  662  .  3057  . 
40  719  485  367  289  385  372  1718  1303 
50  .  .  729  291  .  .  1142  634 
60  .  .  594  13  .  .  1092  952 
70  .  .  624  243  .  .  676  356 
8% 
80  .  .  693  290  .  .  488  375 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
















Table 8.19. Concentrations of soluble carbonate from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Carbonate (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  505  128  591  216 
20  .  .  .  .  692  154  663  321 
30  .  .  .  .  666  177  634  191 
40  .  .  .  .  409  214  390  167 
50  .  .  .  .  .  .  434  225 
60  .  .  .  .  .  .  507  271 
70  .  .  .  .  .  .  261  124 
**0% 
80  .  .  .  .  .  .  541  275 
10  743  378  515  223  536  207  639  233 
20  816  418  467  211  549  210  478  205 
30  797  439  462  186  514  146  707  193 
40  817  457  501  205  486  157  771  205 
50  .  .  612  184  .  .  733  186 
60  .  .  675  135  .  .  862  123 
70  .  .  765  166  .  .  735  151 
3% 
80  .  .  529  187  .  .  901  164 
10  435  152  511  185  358  145  489  250 
20  578  284  463  135  444  152  460  178 
30  770  354  372  143  502  142  415  215 
40  844  359  511  136  442  145  748  195 
50  .  .  520  239  .  .  834  224 
60  .  .  473  216  .  .  725  217 
70  .  .  596  185  .  .  704  242 
8% 
80  .  .  627  240  .  .  554  282 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.20. Concentrations of soluble chloride from saturated paste analysis of 
bauxite residue fines treatment field sites comparing fertilized verse unfertilized.  
Chloride (mg/L)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  28.3  5.7  22.5  6.2 
20  .  .  .  .  22.7  4.7  21.3  5.4 
30  .  .  .  .  29.0  4.6  22.9  10.0 
40  .  .  .  .  30.7  7.6  25.9  6.7 
50  .  .  .  .  .  .  26.7  7.5 
60  .  .  .  .  .  .  18.2  7.0 
70  .  .  .  .  .  .  19.5  7.2 
**0% 
80  .  .  .  .  .  .  29.7  4.2 
10  49.7  5.5  35.1  2.5  67.2  7.0  80.9  16.6 
20  49.3  6.9  29.3  3.0  65.6  2.7  102.1  28.2 
30  47.5  5.7  34.3  1.4  80.2  7.8  76.1  10.5 
40  40.7  7.2  31.5  1.1  88.0  8.1  82.3  6.5 
50  .  .  32.0  3.4  .  .  72.6  6.5 
60  .  .  35.0  4.8  .  .  72.2  7.9 
70  .  .  29.3  9.7  .  .  65.9  5.6 
3% 
80  .  .  38.5  6.8  .  .  56.8  13.4 
10  76.8  16.5  90.1  16.0  122.0  14.7  200.1  26.9 
20  76.6  12.7  93.9  20.5  127.7  4.0  182.4  15.6 
30  90.5  20.9  84.0  21.2  138.1  9.8  161.1  24.2 
40  81.4  16.1  70.7  26.9  132.6  19.2  125.2  4.4 
50  .  .  55.2  17.7  .  .  131.3  12.6 
60  .  .  51.7  12.6  .  .  127.7  9.6 
70  .  .  69.8  21.6  .  .  116.0  4.4 
8% 
80  .  .  89.5  33.8  .  .  132.0  24.7 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.21. Organic carbon (%) content in bauxite fines treatment field sites. 
OC (%)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  0.14  0.03  0.18  0.01 
20  .  .  .  .  0.14  0.02  0.17  0.02 
30  .  .  .  .  0.17  0.02  0.15  0.03 
40  .  .  .  .  0.14  0.02  0.17  0.02 
50  .  .  .  .  .  .  0.15  0.02 
60  .  .  .  .  .  .  0.16  0.03 
70  .  .  .  .  .  .  0.17  0.03 
**0% 
80  .  .  .  .  .  .  0.15  0.01 
10  0.20  0.04  0.15  0.03  0.21  0.03  0.22  0.05 
20  0.20  0.03  0.12  0.02  0.22  0.01  0.29  0.09 
30  0.20  0.03  0.10  0.01  0.24  0.01  0.21  0.04 
40  0.22  0.04  0.11  0.01  0.24  0.01  0.17  0.04 
50  .  .  0.11  0.01  .  .  0.14  0.03 
60  .  .  0.13  0.01  .  .  0.15  0.02 
70  .  .  0.14  0.00  .  .  0.13  0.03 
3% 
80  .  .  0.15  0.00  .  .  0.14  0.02 
10  0.21  0.04  0.19  0.05  0.31  0.03  0.22  0.03 
20  0.19  0.03  0.20  0.06  0.30  0.02  0.20  0.03 
30  0.20  0.03  0.18  0.05  0.30  0.05  0.24  0.02 
40  0.19  0.02  0.14  0.02  0.31  0.01  0.17  0.04 
50  .  .  0.11  0.02  .  .  0.17  0.02 
60  .  .  0.17  0.05  .  .  0.19  0.04 
70  .  .  0.14  0.03  .  .  0.18  0.02 
8% 
80  .  .  0.14  0.02  .  .  0.19  0.02 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
















Table 8.22. Concentrations of exchangeable calcium from bauxite residue fines 
treatment field sites comparing fertilized verse unfertilized. 
Ex Ca (cmol/kg)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  5.14  0.60  5.26  0.86 
20  .  .  .  .  5.24  0.52  5.07  0.84 
30  .  .  .  .  5.43  0.81  4.57  0.64 
40  .  .  .  .  5.79  0.64  5.56  0.91 
50  .  .  .  .  .  .  5.14  0.53 
60  .  .  .  .  .  .  5.08  0.55 
70  .  .  .  .  .  .  5.59  0.23 
**0% 
80  .  .  .  .  .  .  5.17  0.87 
10  5.21  1.02  5.09  0.85  5.24  0.71  5.31  0.85 
20  5.02  1.03  5.26  0.97  5.34  0.79  5.17  0.88 
30  5.34  1.08  4.92  0.88  5.26  0.80  4.72  0.61 
40  5.02  0.88  5.41  1.23  5.12  0.60  4.52  0.81 
50  .  .  5.01  1.12  .  .  4.51  0.77 
60  .  .  4.21  0.57  .  .  3.97  0.51 
70  .  .  4.14  0.57  .  .  3.67  0.52 
3% 
80  .  .  4.67  0.70  .  .  3.56  0.38 
10  5.24  0.70  5.31  0.81  6.23  0.53  6.39  0.98 
20  5.33  0.69  5.67  0.95  6.36  0.65  5.87  0.80 
30  5.19  0.74  5.38  0.68  5.99  0.49  6.24  0.95 
40  4.75  0.81  5.34  0.75  6.31  0.62  5.58  1.08 
50  .  .  5.41  0.68  .  .  5.23  1.00 
60  .  .  5.66  0.82  .  .  5.25  0.77 
70  .  .  5.73  0.92  .  .  5.15  0.55 
8% 
80  .  .  5.65  0.91  .  .  7.54  2.45 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 














Table 8.23. Concentrations of exchangeable magnesium from bauxite residue fines 
treatment field sites comparing fertilized verse unfertilized. 
Ex Mg (cmol/kg)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  0.08  0.01  0.07  0.01 
20  .  .  .  .  0.09  0.01  0.07  0.01 
30  .  .  .  .  0.08  0.01  0.07  0.00 
40  .  .  .  .  0.09  0.01  0.08  0.00 
50  .  .  .  .  .  .  0.07  0.00 
60  .  .  .  .  .  .  0.07  0.00 
70  .  .  .  .  .  .  0.08  0.00 
**0% 
80  .  .  .  .  .  .  0.08  0.01 
10  0.10  0.02  0.06  0.00  0.09  0.01  0.07  0.01 
20  0.08  0.01  0.06  0.00  0.07  0.01  0.07  0.01 
30  0.08  0.01  0.06  0.00  0.07  0.01  0.06  0.01 
40  0.07  0.01  0.06  0.00  0.08  0.01  0.07  0.02 
50  .  .  0.06  0.00  .  .  0.06  0.01 
60  .  .  0.06  0.00  .  .  0.06  0.01 
70  .  .  0.06  0.00  .  .  0.06  0.01 
3% 
80  .  .  0.06  0.00  .  .  0.07  0.01 
10  0.14  0.03  0.07  0.01  0.13  0.03  0.07  0.01 
20  0.13  0.02  0.09  0.01  0.13  0.04  0.06  0.00 
30  0.11  0.01  0.09  0.02  0.09  0.01  0.08  0.01 
40  0.09  0.01  0.07  0.01  0.10  0.01  0.07  0.01 
50  .  .  0.07  0.01  .  .  0.07  0.01 
60  .  .  0.07  0.01  .  .  0.06  0.01 
70  .  .  0.07  0.00  .  .  0.06  0.01 
8% 
80  .  .  0.07  0.01  .  .  0.06  0.00 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
















Table 8.24. Concentrations of exchangeable potassium from bauxite residue fines 
treatment field sites comparing fertilized verse unfertilized.  
Ex K (cmol/kg)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  0.13  0.03  0.07  0.01 
20  .  .  .  .  0.07  0.00  0.07  0.01 
30  .  .  .  .  0.08  0.02  0.07  0.01 
40  .  .  .  .  0.06  0.01  0.08  0.01 
50  .  .  .  .  .  .  0.07  0.01 
60  .  .  .  .  .  .  0.07  0.01 
70  .  .  .  .  .  .  0.08  0.01 
**0% 
80  .  .  .  .  .  .  0.07  0.01 
10  0.26  0.07  0.07  0.00  0.14  0.04  0.08  0.01 
20  0.18  0.11  0.06  0.00  0.09  0.02  0.09  0.02 
30  0.20  0.13  0.06  0.00  0.07  0.02  0.10  0.03 
40  0.11  0.06  0.07  0.01  0.06  0.02  0.07  0.01 
50  .  .  0.08  0.00  .  .  0.07  0.01 
60  .  .  0.07  0.00  .  .  0.07  0.01 
70  .  .  0.06  0.00  .  .  0.06  0.00 
3% 
80  .  .  0.07  0.00  .  .  0.07  0.01 
10  0.32  0.13  0.07  0.01  0.30  0.06  0.07  0.01 
20  0.25  0.13  0.08  0.01  0.27  0.10  0.07  0.01 
30  0.18  0.09  0.08  0.01  0.27  0.17  0.07  0.01 
40  0.21  0.12  0.08  0.02  0.18  0.08  0.08  0.01 
50  .  .  0.07  0.01  .  .  0.08  0.01 
60  .  .  0.07  0.00  .  .  0.07  0.01 
70  .  .  0.07  0.00  .  .  0.07  0.00 
8% 
80  .  .  0.06  0.00  .  .  0.06  0.01 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 















Table 8.25. Concentrations of exchangeable sodium from bauxite residue fines 
treatment field sites comparing fertilized verse unfertilized.  
Ex Na (cmol/kg)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  3.84  0.33  4.61  0.44 
20  .  .  .  .  4.11  0.24  4.90  0.69 
30  .  .  .  .  4.09  0.29  4.54  0.33 
40  .  .  .  .  4.11  0.61  4.54  0.28 
50  .  .  .  .  .  .  4.85  0.64 
60  .  .  .  .  .  .  4.47  0.38 
70  .  .  .  .  .  .  4.71  0.75 
**0% 
80  .  .  .  .  .  .  5.00  0.34 
10  4.27  0.77  5.02  0.40  4.98  0.77  6.47  0.66 
20  5.01  0.61  4.14  0.41  5.31  0.59  7.03  0.47 
30  4.87  0.62  4.37  0.31  5.67  0.42  5.79  0.85 
40  4.65  0.67  4.76  0.45  5.52  0.52  6.17  0.93 
50  .  .  4.72  0.77  .  .  5.98  0.73 
60  .  .  5.03  0.50  .  .  6.51  0.69 
70  .  .  5.34  0.68  .  .  6.63  0.53 
3% 
80  .  .  5.10  0.56  .  .  6.63  0.42 
10  4.27  0.29  4.89  0.36  5.75  1.05  7.42  0.29 
20  4.58  0.25  5.47  0.13  6.45  0.69  7.49  0.72 
30  4.63  0.18  4.36  0.54  6.63  0.41  6.49  0.43 
40  4.95  0.13  4.06  0.74  7.26  0.73  7.24  0.48 
50  .  .  4.18  0.51  .  .  7.19  0.63 
60  .  .  4.77  0.52  .  .  7.43  0.52 
70  .  .  4.76  0.69  .  .  6.57  0.35 
8% 
80  .  .  5.22  0.63  .  .  7.38  0.38 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
















Table 8.26. Concentrations of exchangeable aluminium from bauxite residue fines 
treatment field sites comparing fertilized verse unfertilized. 
Ex Al (cmol/kg)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  0.71  0.47  0.03  0.00 
20  .  .  .  .  1.51  0.85  0.03  0.00 
30  .  .  .  .  1.65  0.98  0.03  0.00 
40  .  .  .  .  1.50  0.85  0.03  0.00 
50  .  .  .  .  .  .  0.02  0.00 
60  .  .  .  .  .  .  0.02  0.00 
70  .  .  .  .  .  .  0.03  0.00 
**0% 
80  .  .  .  .  .  .  0.02  0.00 
10  0.70  0.52  0.02  0.01  0.81  0.69  0.03  0.00 
20  1.08  0.71  0.02  0.00  0.55  0.50  0.02  0.01 
30  1.42  0.81  0.02  0.00  1.08  0.60  0.02  0.01 
40  2.33  1.34  0.02  0.00  1.21  0.70  0.02  0.00 
50  .  .  0.02  0.00  .  .  0.02  0.00 
60  .  .  0.02  0.00  .  .  0.03  0.00 
70  .  .  0.02  0.00  .  .  0.03  0.00 
3% 
80  .  .  0.02  0.00  .  .  0.02  0.00 
10  1.57  0.92  0.02  0.00  0.58  0.39  0.02  0.00 
20  1.78  1.13  0.02  0.00  1.30  0.93  0.02  0.01 
30  1.09  0.62  0.03  0.00  1.24  0.91  0.02  0.01 
40  1.25  0.82  0.03  0.01  0.46  0.26  0.02  0.00 
50  .  .  0.03  0.01  .  .  0.02  0.00 
60  .  .  0.03  0.00  .  .  0.02  0.00 
70  .  .  0.03  0.00  .  .  0.02  0.00 
8% 
80  .  .  0.03  0.00  .  .  0.02  0.00 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
















Table 8.27. Concentrations of exchangeable iron from bauxite residue fines 
treatment field sites comparing fertilized verse unfertilized.  
Ex Fe (cmol/kg)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  0.05  0.01  5.17  1.01 
20  .  .  .  .  0.22  0.16  2.78  0.15 
30  .  .  .  .  0.37  0.32  2.39  0.56 
40  .  .  .  .  0.26  0.21  2.36  0.72 
50  .  .  .  .  .  .  3.26  1.14 
60  .  .  .  .  .  .  2.48  0.41 
70  .  .  .  .  .  .  1.99  0.23 
**0% 
80  .  .  .  .  .  .  6.80  1.10 
10  0.03  0.01  3.56  0.74  0.04  0.01  5.37  1.41 
20  0.02  0.00  3.42  0.72  0.20  0.17  2.57  0.46 
30  1.12  0.65  3.20  0.55  0.04  0.01  2.33  0.24 
40  1.40  0.86  4.83  1.72  0.03  0.00  2.31  0.24 
50  .  .  3.35  0.60  .  .  2.73  0.59 
60  .  .  3.76  0.64  .  .  5.63  1.98 
70  .  .  2.81  0.69  .  .  5.57  2.10 
3% 
80  .  .  2.64  0.22  .  .  4.08  1.79 
10  3.51  3.48  3.22  0.80  0.19  0.17  4.85  1.52 
20  0.14  0.12  3.48  0.44  2.72  2.58  2.38  0.44 
30  0.02  .  2.60  0.15  0.35  0.33  2.38  0.64 
40  0.52  0.49  2.81  0.42  0.35  0.33  2.31  0.31 
50  .  .  4.02  1.36  .  .  4.05  1.39 
60  .  .  2.08  0.43  .  .  3.90  1.36 
70  .  .  5.54  0.20  .  .  3.34  1.27 
8% 
80  .  .  4.80  1.45  .  .  2.69  0.45 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 
















Table 8.28. Effective cation exchange capacity based on concentrations of 
exchangeable bases from bauxite residue fines treatment field sites comparing 
fertilized verse unfertilized.  
ECEC (cmol/kg)  
Carbonated  Unaltered 
Fertilized  Unfertilized   Fertilized  Unfertilized  
Fines  Depth 
           (cm)   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  9.9  0.6  10.0  0.7 
20  .  .  .  .  11.0  0.6  10.1  0.6 
30  .  .  .  .  11.3  0.7  9.3  0.6 
40  .  .  .  .  11.6  0.9  10.3  0.7 
50  .  .  .  .  .  .  10.2  0.8 
60  .  .  .  .  .  .  9.7  0.3 
70  .  .  .  .  .  .  10.5  0.7 
**0% 
80  .  .  .  .  .  .  10.3  0.7 
10  10.5  0.9  10.2  0.5  11.3  0.8  12.0  0.4 
20  11.4  1.0  9.5  0.7  11.4  0.5  12.4  0.6 
30  11.9  1.2  9.4  0.7  12.1  1.0  10.7  0.7 
40  12.2  1.5  10.3  1.0  12.0  0.8  10.9  1.1 
50  .  .  9.9  0.8  .  .  10.6  1.0 
60  .  .  9.4  0.4  .  .  10.6  1.0 
70  .  .  9.6  0.7  .  .  10.4  1.0 
3% 
80  .  .  9.9  0.5  .  .  10.3  0.8 
10  11.5  1.2  10.4  0.7  13.0  0.5  14.0  0.7 
20  12.1  1.6  11.3  0.9  14.5  0.6  13.5  0.9 
30  11.2  1.1  9.9  1.0  14.2  0.9  12.9  0.6 
40  11.2  1.6  9.6  1.3  14.3  0.2  13.0  0.7 
50  .  .  9.8  1.2  .  .  12.6  0.6 
60  .  .  10.6  1.3  .  .  12.8  0.5 
70  .  .  10.7  1.4  .  .  11.9  0.4 
8% 
80  .  .  11.0  1.4  .  .  15.1  2.7 
Means (n = 4) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 














Table 8.29. Extractable magnesium (NH4Cl at pH 8.5) of fertilized bauxite residue 
fines treatments at the Kwinana field site over three years.  
Kwinana RDA - Mg (cmol kg
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008  FinesDepth 
          (cm)  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  0.09  0.02  0.10  0.02  0.04  0.01 
20  .  .  .  .  .  .  0.09  0.02  0.08  0.01  0.17  0.12 
30  .  .  .  .  .  .  0.09  0.02  0.07  0.01  0.04  0.01 
40  .  .  .  .  .  .  0.09  0.02  0.08  0.02  0.04  0.01 
50  .  .  .  .  .  .  .  .  0.06  0.01  0.04  0.01 
60  .  .  .  .  .  .  .  .  0.05  0.01  0.04  0.01 
70  .  .  .  .  .  .  .  .  0.05  0.01  0.04  0.01 
80  .  .  .  .  .  .  .  .  0.06  0.01  0.04  0.01 
90  .  .  .  .  .  .  .  .  0.05  0.01  0.03  0.01 
**0% 
100  .  .  .  .  .  .  .  .  0.05  0.01  .  . 
10  0.10  0.02  0.08  0.01  0.05  0.01  0.10  0.02  0.09  0.02  0.04  0.01 
20  0.07  0.01  0.06  0.01  0.03  0.01  0.08  0.01  0.06  0.01  0.02  0.01 
30  0.08  0.01  0.07  0.02  0.03  0.01  0.07  0.01  0.07  0.01  0.03  0.01 
40  0.08  0.02  0.05  0.01  0.03  0.01  0.08  0.01  0.06  0.01  0.03  0.01 
50  .  .  0.04  0.01  0.02  0.01  .  .  0.05  0.01  0.02  0.01 
60  .  .  0.05  0.01  0.03  0.01  .  .  0.08  0.03  0.03  0.01 
70  .  .  0.06  0.01  0.03  0.01  .  .  0.05  0.01  0.03  0.01 
80  .  .  0.05  0.01  0.06  0.03  .  .  0.04  0.01  0.03  0.01 
90  .  .  0.05  0.01  0.06  0.01  .  .  0.05  0.01  0.03  0.01 
3% 
100  .  .  0.04  0.01  .  .  .  .  0.08  0.04  .  . 
10  0.10  0.01  0.12  0.01  0.06  0.01  0.17  0.07  0.07  0.03  0.05  0.01 
20  0.13  0.04  0.13  0.02  0.05  0.01  0.10  0.02  0.04  0.01  0.10  0.05 
30  0.09  0.01  0.09  0.01  0.04  0.01  0.08  0.01  0.07  0.01  0.05  0.02 
40  0.10  0.01  0.10  0.02  0.07  0.02  0.11  0.01  0.05  0.01  0.07  0.03 
50  .  .  0.09  0.01  0.05  0.01  .  .  0.04  0.01  0.05  0.01 
60  .  .  0.10  0.02  0.04  0.01  .  .  0.06  0.04  0.04  0.01 
70  .  .  0.09  0.01  0.06  0.02  .  .  0.03  0.01  0.08  0.05 
80  .  .  0.09  0.02  0.05  0.01  .  .  0.03  0.01  0.03  0.01 
90  .  .  0.11  0.02  0.04  0.01  .  .  0.08  0.01  0.04  0.01 
8% 
100  .  .  0.06  0.01  .  .  .  .  0.10  0.08  .  . 
Means (n = 6) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 











Table 8.30. Extractable magnesium (NH4Cl at pH 8.5) of bauxite residue fines 
treatments at the Pinjarra field site over three years.  
Pinjarra RDA - Mg (cmol kg
-1) 
Carbonated  Unaltered 
2006  2007  2008  2006  2007  2008  FinesDepth 
          (cm)  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
10  .  .  .  .  .  .  0.08  0.01  0.08  0.02  0.05  0.01 
20  .  .  .  .  .  .  0.09  0.02  0.07  0.02  0.04  0.01 
30  .  .  .  .  .  .  0.08  0.01  0.06  0.01  0.03  0.01 
40  .  .  .  .  .  .  0.10  0.01  0.05  0.01  0.02  0.01 
50  .  .  .  .  .  .  .  .  0.05  0.01  0.03  0.01 
60  .  .  .  .  .  .  .  .  0.05  0.01  0.03  0.01 
70  .  .  .  .  .  .  .  .  0.05  0.01  0.03  0.01 
80  .  .  .  .  .  .  .  .  0.05  0.01  0.03  0.01 
90  .  .  .  .  .  .  .  .  0.05  0.01  0.03  0.01 
**0% 
100  .  .  .  .  .  .  .  .  0.05  0.01  .  . 
10  0.10  0.04  0.07  0.01  0.07  0.02  0.08  0.03  0.09  0.02  0.07  0.03 
20  0.09  0.02  0.11  0.04  0.03  0.01  0.07  0.03  0.06  0.01  0.03  0.01 
30  0.09  0.03  0.05  0.01  0.02  0.01  0.07  0.02  0.04  0.01  0.03  0.01 
40  0.07  0.01  0.04  0.01  0.03  0.01  0.08  0.03  0.05  0.01  0.04  0.02 
50  .  .  0.04  0.01  0.02  0.01  .  .  0.05  0.01  0.06  0.04 
60  .  .  0.05  0.01  0.02  0.01  .  .  0.04  0.01  0.05  0.01 
70  .  .  0.04  0.01  0.04  0.02  .  .  0.04  0.01  0.03  0.01 
80  .  .  0.04  0.01  0.03  0.01  .  .  0.03  0.01  0.02  0.01 
90  .  .  0.05  0.01  0.03  0.01  .  .  0.04  0.01  .  . 
3% 
100  .  .  0.04  0.01  .  .  .  .  0.03  0.01  .  . 
10  0.18  0.04  0.10  0.01  0.08  0.02  0.10  0.01  0.05  0.01  0.05  0.01 
20  0.13  0.01  0.08  0.01  0.04  0.01  0.17  0.08  0.04  0.01  0.03  0.01 
30  0.13  0.01  0.06  0.01  0.05  0.02  0.10  0.01  0.05  0.01  0.02  0.01 
40  0.09  0.02  0.10  0.03  0.03  0.01  0.08  0.01  0.04  0.01  0.03  0.01 
50  .  .  0.07  0.01  0.03  0.01  .  .  0.04  0.01  0.03  0.01 
60  .  .  0.06  0.01  0.02  0.01  .  .  0.07  0.03  0.03  0.01 
70  .  .  0.06  0.01  0.02  0.01  .  .  0.04  0.01  0.03  0.01 
80  .  .  0.06  0.01  .  .  .  .  0.05  0.01  0.03  0.01 
90  .  .  0.06  0.01  0.03  0.01  .  .  0.04  0.01  0.04  0.01 
8% 
100  .  .  0.07  0.01  .  .  .  .  0.04  0.01  .  . 
Means (n = 6) and standard errors (SE) are shown. 
** 0 % unaltered = control (residue sand) 









Table 9.1. pH leachate from bauxite residue fine treatments over three pore 














8 %   
P.V. 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  8.47  0.14  8.73  0.05  8.62  0.07  8.28  0.04  8.33  0.03  9.12  0.37  9.66**  0.17 
0.33  8.54  0.17  8.59  0.21  8.74  0.11  7.79  0.19  7.55  0.18  8.94  0.55  9.71**  0.19 
0.50  8.79  0.09  8.87  0.09  8.93  0.04  8.24  0.20  7.88  0.18  9.34  0.34  9.85**  0.13 
0.67  8.86  0.07  9.13  0.02  9.09  0.03  8.56  0.10  8.45  0.02  9.52**  0.24  9.89**  0.11 
0.83  8.90  0.07  9.13  0.04  9.05  0.03  8.07*  0.28  7.48*  0.05  9.40  0.19  9.68**  0.07 
1.00  8.91  0.05  9.11  0.03  9.02  0.02  8.23*  0.21  7.79*  0.06  9.40  0.18  9.69**  0.12 
1.17  8.88  0.07  9.18  0.03  9.10  0.04  8.32*  0.15  8.18*  0.07  9.36**  0.15  9.62**  0.11 
1.33  8.84  0.08  9.19  0.02  9.14  0.04  8.37*  0.10  8.35*  0.06  9.36**  0.18  9.61**  0.09 
1.50  8.69  0.07  9.04**  0.03  8.98  0.04  8.20*  0.06  8.18*  0.05  9.11**  0.12  9.36**  0.10 
1.67  8.73  0.09  9.09  0.03  9.03  0.07  8.24*  0.05  8.42  0.08  9.22**  0.16  9.55**  0.12 
1.83  8.74  0.09  9.16  0.01  9.10  0.07  8.22*  0.06  8.53  0.18  9.25**  0.15  9.54**  0.12 
2.00  8.75  0.09  9.17**  0.02  9.08  0.07  8.27*  0.04  8.37*  0.11  9.20**  0.11  9.45**  0.12 
2.17  8.66  0.05  9.05**  0.02  9.03**  0.05  8.28*  0.08  8.41  0.12  9.12**  0.10  9.44**  0.09 
2.33  8.59  0.10  9.05**  0.03  8.99  0.05  8.08*  0.05  8.15*  0.03  9.10**  0.16  9.33**  0.16 
2.50  8.56  0.06  8.94**  0.02  8.94**  0.04  8.10*  0.02  8.23*  0.02  9.01**  0.14  9.38**  0.09 
2.67  8.43  0.16  8.98**  0.01  8.94**  0.04  8.13  0.03  7.89*  0.07  8.94**  0.09  9.14**  0.18 
2.83  8.34  0.15  8.57  0.01  8.35  0.10  8.37  0.27  8.64  0.21  8.23  0.14  8.47  0.08 
3.00  8.44  0.07  8.83**  0.02  8.84**  0.04  8.18  0.10  8.30  0.04  8.92**  0.12  9.22**  0.09 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05 
** Significantly greater than the control at P < 0.05 




















Table 9.2. Electrical conductivity (dS m
-1) leachate from bauxite residue fine 














8 %  P.V. 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  85.9  2.43  113
b  0.78  156
c  2.85  95.4a  0.82  99.0
a  2.42  93.9a  1.69  101
a  1.29 
0.33  65.8  2.30  96.2
b  2.73  127
c  2.00  74.7a  0.40  85.7
a  0.68  73.5  0.53  87.6
a  2.98 
0.50  56.8  1.92  86.2  0.60  108
c  3.57  61.3  1.51  68.4
a  1.41  57.3  1.00  71.1
a  5.08 
0.67  45.9  2.12  72.6
a  1.84  84.5
b  3.70  43.9  1.11  48.3  1.06  41.2  1.34  47.3  2.66 
0.83  38.5  2.33  60.1
a  2.14  64.4
a  4.51  34.1  1.13  37.6  0.70  31.1  1.30  33.6  1.35 
1.00  29.3  2.60  47.2
a  2.26  46.9
a  4.37  25.0  0.85  28.5  0.64  22.4  1.27  23.2  0.75 
1.17  23.8  2.53  37.8
a  1.90  35.3  4.05  20.7  0.65  24.2  0.39  18.0  1.11  18.9  0.51 
1.33  19.8  1.95  29.0
a  1.61  26.8  3.18  17.0  0.48  20.4  0.38  14.4  0.96  15.3  0.45 
1.50  14.9  1.49  21.4
a  1.17  19.6  2.27  13.1  0.35  16.4  0.39  11.0  0.73  12.0  0.29 
1.67  12.2  1.16  16.8
a  0.79  15.3  1.57  11.1  0.26  14.1  0.30  9.43  0.53  10.4  0.19 
1.83  10.5  0.99  14.0
a  0.65  12.8  1.19  9.85  0.23  12.7  0.30  8.33  0.47  9.35  0.18 
2.00  9.13  0.80  12.0
a  0.54  11.3  0.98  8.80  0.18  11.7
a  0.28  7.53  0.40  8.48  0.14 
2.17  8.15  0.68  10.4
a  0.46  10.1
a  0.79  8.03  0.17  10.8
a  0.23  6.88  0.34  7.73  0.11 
2.33  7.15  0.57  9.33
a  0.43  9.05
a  0.69  7.33  0.14  10.0
a  0.23  6.30  0.34  7.18  0.09 
2.50  6.78  0.43  8.50
a  0.39  8.43
a  0.58  6.90  0.13  9.53
a  0.22  5.95  0.32  6.80  0.08 
2.67  6.10  0.35  8.35
a  0.46  7.73
a  0.49  6.40  0.09  8.80
a  0.20  5.58  0.30  6.35  0.09 
2.83  5.78  0.33  7.18
a  0.29  7.23
a  0.48  6.05  0.10  8.30
a  0.13  5.33  0.23  6.03  0.10 
3.00  5.45  0.29  6.65
a  0.27  6.80
ab  0.38  5.75  0.06  7.80
a  0.16  5.13  0.23  5.70  0.11 
Means (n = 4) and standard errors (SE) are shown. 
Means followed by same letter are not significantly different, but significantly different than the control, within pore 
volume, at P < 0.05 


















Table 9.3. Concentration of calcium (mg L
-1) in leachate from bauxite residue fine 














%  P.V. 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  235  65  335  44  468
a  23  575
b  18  563
b  11  458
 a  40  593
b  16 
0.33  330  64  415  17  513
a  24  513
a  18  555
 a  18  490
 a  25  525
 a  18 
0.50  340  41  443
a  9  513
b  11  478
a  8  468
 a  8  413  23  418  25 
0.67  328  46  425
a  5  515
b  18  445
a  16  450
 a  9  393  28  365  26 
0.83  343  34  425
a  9  480
a  7  423  5  415  10  380  20  360  23 
1.00  325  35  380  7  448
a  6  420
a  7  385  10  373  14  360  7 
1.17  308  30  355  9  438
a  14  395
a  10  373  13  368  3  363  6 
1.33  303  31  333  9  407
a  13  388
a  3  360
 a  7  368
 a  3  370
 a  6 
1.50  305  32  328  6  400
a  14  388
a  5  355  6  375
 a  3  383
 a  8 
1.67  308  33  323  9  388
a  13  383
a  3  355  6  388
 a  3  380
 a  6 
1.83  308  33  318  9  395
a  18  388
a  3  355  6  390
 a  4  383
 a  5 
2.00  310  35  318  5  388
a  16  390
a  0  353  9  398
 a  3  383
 a  5 
2.17  348  34  348  5  410  17  425
a  3  370  8  418
 a  5  408  3 
2.33  355  32  350  7  415  16  423
a  3  378  8  440
 a  7  423  6 
2.50  373  31  360  4  420  20  440
a  4  365  9  445
 a  5  425  3 
2.67  388  31  368  11  438  24  458
a  3  383  9  470
 a  4  448  6 
2.83  405  26  395  6  453  21  478
a  3  383  10  478
 a  6  460  4 
3.00  420  24  398  9  455  19  478
a  3  393  10  488
 a  6  468  3 
Means (n = 4) and standard errors (SE) are shown.  
Means followed by same letter are not significantly different, but significantly different than the control, within pore 
volume, at P < 0.05 


















Table 9.4. Concentration of magnesium (mg L
-1) in leachate from bauxite residue 














8 %  P.V. 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  3.23  0.59  5.48  0.81  7.15
 a  0.89  5.08  0.65  6.88
 a  0.86  2.64  0.58  1.47  0.28 
0.33  3.50  0.43  6.05  0.40  7.00
 a  0.79  3.78  0.99  5.53  0.72  1.97  0.63  0.95  0.23 
0.50  3.00  0.40  5.60
a  0.21  6.63
 a  0.65  3.23  0.84  4.25  0.49  1.16  0.38  1.15  0.53 
0.67  2.93  0.76  5.13
 a  0.21  6.53
 a  0.75  2.78  0.68  3.75  0.39  0.90  0.26  0.49
 b  0.10 
0.83  2.28  0.35  4.95
 a  0.21  6.05
 a  0.59  2.55  0.53  3.38  0.30  0.84  0.16  0.44
 b  0.08 
1.00  1.85  0.29  4.40
 a  0.19  5.55
 a  0.59  2.55  0.59  3.03  0.21  0.66  0.17  0.37
 b  0.07 
1.17  1.68  0.23  4.60
 a  0.21  5.60
 a  0.70  2.55  0.39  3.05  0.14  0.62  0.16  0.60  0.17 
1.33  1.55  0.18  4.13
 a  0.19  5.50
 a  0.66  2.50  0.40  3.33
 b  0.39  0.57  0.15  0.35  0.06 
1.50  1.50  0.13  4.28
 a  0.21  5.55
 a  0.53  2.65  0.39  3.15
 b  0.15  0.58  0.14  0.37  0.06 
1.67  1.43  0.10  4.28
 a  0.21  5.23
 a  0.53  2.68
b  0.38  3.20
 b  0.12  0.56  0.15  0.32  0.06 
1.83  1.33  0.09  4.28
 a  0.25  5.33
 a  0.57  2.73
 b  0.43  3.23
 b  0.14  0.54  0.14  0.30
c  0.05 
2.00  1.30  0.11  4.40
 a  0.20  5.33
 a  0.54  2.68
 b  0.34  3.33
 b  0.11  0.53  0.14  0.36
 c  0.02 
2.17  1.43  0.09  4.88
 a  0.27  5.80
 a  0.52  2.88
 b  0.34  3.65
 b  0.10  0.59  0.09  0.27
 c  0.05 
2.33  1.43  0.13  5.18
 a  0.31  5.93
 a  0.49  2.85
 b  0.35  3.78
 b  0.10  0.53  0.15  0.28
 c  0.05 
2.50  1.45  0.12  5.43
 a  0.29  6.05
 a  0.47  2.88
 b  0.31  3.78
 b  0.05  0.53  0.15  0.33
 c  0.02 
2.67  1.58  0.13  5.88
 a  0.37  6.53
 a  0.46  3.00
 b  0.27  4.13
 b  0.06  0.63  0.09  0.28
 c  0.05 
2.83  1.58  0.15  6.40
 a  0.43  6.73
 a  0.45  3.18
 b  0.35  4.20
 b  0.10  0.56  0.15  0.28
 c  0.05 
3.00  1.68  0.15  6.80
 a  0.45  6.98
 a  0.35  3.10
 b  0.27  4.45
 b  0.05  0.58  0.16  0.35
 c  0.02 
Means (n = 4) and standard errors (SE) are shown. 
Means followed by same letter are not significantly different, but significantly different than the control, within pore 
volume, at P < 0.05 



















Table 9.5. Concentration of potassium (mg L
-1) in leachate from bauxite residue 
fine treatments over three pore volumes in the column leaching study. 
Control  





%  Unaltered 3 %  Unaltered 8 
%  P.V. 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  640  92.8  865  40.5  1175**  47.9  337*  76.9  315*  39.7  322*  100.7  372*  2.5 
0.33  545  67.9  787**  32.0  882**  25.0  285*  57.2  250*  34.4  265*  77.3  300*  17.3 
0.50  397  33.3  650**  35.4  670**  20.4  190*  29.4  167*  25.3  180*  44.0  200*  21.2 
0.67  307  25.3  517**  33.5  510**  10.8  125*  13.0  117*  19.4  127*  25.6  126*  16.8 
0.83  282  32.8  435**  24.0  380**  18.3  92.5*  10.9  83.5*  13.9  88.8*  15.8  77.3*  10.0 
1.00  217  25.3  337**  21.0  275  22.2  71.8*  7.3  61.8*  9.2  64.3*  9.8  50.5*  7.6 
1.17  170  23.1  267**  18.4  205  19.4  54.5*  5.8  47.8*  6.6  48.3*  5.9  39.5*  5.9 
1.33  142  24.6  202**  12.5  150  25.2  42.8*  4.7  39.5*  4.8  36.0*  4.3  30.5*  4.3 
1.50  110  17.1  162**  12.5  114  12.2  33.8*  3.1  31.3*  4.0  28.3*  3.2  25.0*  4.2 
1.67  86.5  13.6  121**  9.2  85.3  10.0  27.0*  2.1  25.8*  3.2  22.8*  2.8  19.5*  2.7 
1.83  72.0  10.5  99.8**  7.3  71.0  6.3  23.3*  1.8  23.0*  2.7  19.3*  2.3  17.0*  2.6 
2.00  61.3  8.6  84.0**  6.6  60.0  5.9  20.0*  1.8  20.8*  2.5  17.0*  1.9  15.3*  2.6 
2.17  60.0  8.4  79.3  5.9  57.0  6.1  19.0*  1.6  19.8*  2.4  15.0*  1.5  14.2*  2.4 
2.33  50.3  7.4  68.8  6.1  48.0  4.9  16.3*  1.4  17.3*  1.8  13.7*  1.4  12.6*  1.9 
2.50  47.5  6.8  62.0  5.6  43.5  3.9  15.3*  1.4  15.5*  1.7  12.8*  1.3  11.9*  1.9 
2.67  42.5  5.7  54.5  4.9  39.0  3.5  14.0*  1.2  14.8*  1.5  12.2*  1.3  11.0*  1.8 
2.83  40.5  5.3  52.5  4.9  36.8  3.5  13.5*  1.2  13.5*  1.3  11.2*  1.3  10.1*  1.6 
3.00  36.3  4.9  46.0  4.1  32.8  2.9  11.9*  1.0  12.0*  1.3  10.0*  1.0  9.3*  1.5 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05  
** Significantly greater than the control at P < 0.05 



















Table 9.6. Concentration of sodium (mg L
-1) in leachate from bauxite residue fine 














8 %  P.V. 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  32.7  1.54  46.7
ab  1.03  64.7
c  1.43  44.5
ab  1.25  44.5
ab  1.04  41.2
 a  1.60  48.5
b  0.50 
0.33  25.7  1.49  40.0
a  1.47  50.5
b  1.55  31.7  0.47  40.7
b  0.47  30.7  0.94  41.2
 a  2.59 
0.50  18.0  1.08  30.2
bc  0.75  36.7
c  2.46  20.2  0.62  25.0
 a  0.70  19.0  0.40  26.2
ab  3.06 
0.67  12.5  0.28  22.7
 a  0.85  26.2
 a  1.65  13.0  0.81  15.7  0.47  12.5  0.64  15.25  1.03 
0.83  10.4  0.87  18.2
 a  1.03  18.2
 a  1.65  9.15  0.28  10.7  0.30  8.15  0.49  9.27  0.63 
1.00  7.60  0.83  13.0
 a  0.70  11.9
 a  1.28  6.60  0.17  7.60  0.21  5.55  0.41  5.72  0.25 
1.17  5.75  0.71  9.42
 a  0.55  8.67
 a  0.96  4.97  0.22  5.97  0.16  4.02  0.25  4.35  0.17 
1.33  4.50  0.60  6.92
 a  0.41  6.07
   1.26  3.72  0.11  4.75  0.10  2.92  0.21  3.30  0.11 
1.50  3.40  0.46  5.25
 a  0.32  4.65
   0.65  2.92  0.06  3.85  0.11  2.32  0.16  2.67  0.09 
1.67  2.70  0.39  4.10
 a  0.28  3.62
   0.51  2.45  0.06  3.42  0.11  1.92  0.15  2.25  0.08 
1.83  2.15  0.29  3.20
 a  0.18  2.92
   0.35  2.02  0.07  2.97  0.10  1.57  0.11  1.87  0.04 
2.00  1.72  0.23  2.55
 a  0.16  2.32
   0.30  1.67  0.04  2.62
 a  0.11  1.32  0.08  1.62  0.02 
2.17  1.57  0.21  2.27
 a  0.14  2.15
   0.25  1.60  0.05  2.47
 a  0.08  1.22  0.09  1.55  0.02 
2.33  1.32  0.17  1.90
 a  0.12  1.82
   0.21  1.37  0.04  2.25
 a  0.06  1.11  0.09  1.37  0.04 
2.50  1.20  0.14  1.67
 a  0.12  1.65
   0.16  1.25  0.02  2.02
 a  0.07  1.00  0.09  1.25  0.02 
2.67  1.06  0.12  1.50
 a  0.08  1.50
 a  0.14  1.15  0.02  1.92
b  0.07  0.93  0.07  1.17  0.02 
2.83  0.97  0.11  1.37
 a  0.08  1.40
 a  0.12  1.07  0.02  1.75
b  0.06  0.85  0.07  1.07  0.02 
3.00  0.88  0.11  1.20
 a  0.08  1.27
 a  0.11  0.96  0.02  1.62
b  0.07  0.79  0.06  0.96  0.01 
Means (n = 4) and standard errors (SE) are shown. 
Means followed by same letter are not significantly different, but significantly different than the control, within pore 
volume, at P < 0.05 



















Table 9.7. Ratio of sodium to calcium in leachate from bauxite residue fines 

















0.17  184.37  147.36  139.42  77.57  79.31  93.19  82.09 
0.33  89.88  96.48  99.33  62.17  73.73  63.00  78.64 
0.50  56.09  68.40  71.94  42.39  53.48  46.46  62.34 
0.67  40.54  53.50  51.47  29.14  34.98  32.00  41.96 
0.83  31.54  42.90  38.14  21.65  25.80  21.43  25.89 
1.00  24.61  34.19  26.71  15.72  19.77  14.85  15.91 
1.17  19.77  26.54  20.06  12.59  16.07  10.94  12.00 
1.33  15.69  20.85  15.16  9.61  13.22  7.96  8.93 
1.50  11.85  16.03  11.82  7.56  10.86  6.21  7.00 
1.67  9.39  12.70  9.50  6.41  9.66  4.97  5.93 
1.83  7.47  10.09  7.58  5.22  8.39  4.04  4.90 
2.00  5.97  8.04  6.13  4.29  7.46  3.34  4.25 
2.17  4.83  6.56  5.35  3.77  6.70  2.93  3.80 
2.33  3.92  5.44  4.48  3.25  5.97  2.55  3.25 
2.50  3.38  4.66  4.02  2.84  5.57  2.26  2.94 
2.67  2.89  4.10  3.52  2.51  5.05  1.98  2.63 
2.83  2.48  3.49  3.15  2.25  4.59  1.80  2.34 



















Table 9.8. pH in soil solution collected from 5, 10 and 25 cm depths, over three 
pore volumes of leaching in the column leaching study.  
Control 















Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean   SE 
0.17  7.96  0.03  8.18  0.05  8.04  0.01  7.96  0.03  8.03  0.01  8.23  0.20  8.62  0.13 
0.33  7.92  0.01  8.08  0.06  7.99  0.06  7.92  0.05  8.10  0.02  8.34  0.18  8.58  0.14 
0.67  7.84  0.07  7.82  0.05  7.84  0.09  7.92  0.06  8.15  0.04  8.18  0.24  8.57  0.11 
1.00  7.87  0.08  7.96  0.11  8.01  0.08  7.84  0.02  8.29  0.04  8.67  0.38  8.94  0.31 
1.33  7.79  0.05  7.82  0.06  7.87  0.05  7.67  0.07  8.25  0.06  8.28  0.39  8.69  0.44 
1.67  7.80  0.10  7.79  0.07  7.66  0.10  7.72  0.04  8.29  0.05  8.56  0.45  9.00  0.36 
2.00  7.83  0.09  7.89  0.07  7.80  0.08  7.88  0.08  8.42  0.05  8.63  0.40  9.21  0.33 
2.33  7.94  0.11  7.79  0.03  7.84  0.07  7.99  0.04  8.46  0.06  8.99  0.48  9.82  0.29 
2.67  7.48  0.12  7.94  0.09  7.90  0.10  8.02  0.09  8.44  0.04  9.42  0.40  9.89  0.36 
5 
3.00  7.55  0.18  8.05  0.07  8.25  0.07  8.26  0.04  8.59  0.05  9.58  0.39  9.80  0.33 
0.17  8.17  0.13  8.55  0.16  8.22  0.19  7.95  0.03  8.03  0.04  8.62  0.30  8.82  0.24 
0.33  8.14  0.12  8.50  0.24  7.98  0.04  7.97  0.03  8.04  0.04  8.85  0.23  8.75  0.18 
0.67  7.86  0.12  8.67  0.04  7.79  0.05  7.84  0.04  8.01  0.03  8.34  0.29  8.45  0.23 
1.00  7.92  0.22  8.39  0.24  7.87  0.08  7.76  0.01  8.05  0.04  8.71  0.38  8.73  0.30 
1.33  7.68  0.06  7.66  0.01  7.67  0.04  7.55  0.03  7.98  0.02  8.25  0.38  8.35  0.23 
1.67  7.51  0.01  7.79  0.09  7.50  0.04  7.51  0.02  8.03  0.05  8.24  0.41  8.43  0.21 
2.00  7.51  0.05  7.72  0.05  7.50  0.05  7.56  0.05  8.15  0.06  8.17  0.36  8.57  0.16 
2.33  7.64  0.05  7.66  0.04  7.53  0.03  7.64  0.01  8.32  0.10  8.47  0.49  8.85  0.31 
2.67  7.43  0.11  7.58  0.08  7.49  0.06  7.69  0.05  8.34  0.08  8.66  0.32  9.29  0.34 
10 
3.00  7.30  0.30  7.71  0.14  7.65  0.02  7.88  0.04  8.56  0.06  8.99  0.47  9.37  0.29 
0.17  9.02  0.08  9.45  0.03  9.20  0.03  8.36  0.08  8.28  0.05  9.35  0.16  9.76  0.19 
0.33  8.86  0.02  9.36  0.06  9.08  0.12  8.19  0.07  8.29  0.05  9.46  0.17  9.73  0.18 
0.67  8.55  0.24  9.24  0.04  8.64  0.07  8.11  0.04  8.22  0.05  9.29  0.12  9.44  0.26 
1.00  8.66  0.08  9.16  0.07  8.88  0.12  8.15  0.03  8.20  0.05  9.31  0.09  9.31  0.31 
1.33  8.29  0.22  8.82  0.13  8.35  0.11  7.70  0.05  8.00  0.03  8.84  0.13  9.10  0.33 
1.67  7.93  0.27  8.57  0.05  8.04  0.15  7.62  0.03  7.91  0.03  8.28  0.05  8.78  0.32 
2.00  7.94  0.25  8.61  0.06  7.84  0.06  7.63  0.07  7.89  0.01  8.23  0.21  8.59  0.29 
2.33  7.88  0.22  8.32  0.15  7.91  0.08  7.59  0.03  7.87  0.04  8.49  0.06  8.72  0.22 
2.67  7.35  0.04  8.09  0.22  7.71  0.10  7.53  0.02  7.78  0.05  8.44  0.09  8.74  0.25 
25 
3.00  7.15  0.10  7.75  0.09  7.84  0.07  7.60  0.02  7.89  0.01  8.39  0.10  8.62  0.15 
















Table 9.9. Electrical conductivity (dS m
-1) in soil solution collected from 5, 10 and 













 3 % 
Unaltered  
8 % 
Depth  PV 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  3.73  0.48  4.01  0.07  3.98  0.38  3.62  0.13  4.01  0.20  3.22  0.27  3.17  0.11 
0.33  2.90  0.33  3.21  0.14  3.05  0.30  2.98  0.14  2.68  0.22  2.76  0.18  2.27  0.13 
0.67  2.11  0.41  2.34  0.22  2.48  0.35  2.22  0.15  1.80  0.11  2.11  0.19  1.43  0.14 
1.00  1.80  0.48  1.86  0.25  2.40  0.40  1.62  0.09  1.40  0.12  1.58  0.13  1.19  0.08 
1.33  1.45  0.47  1.45  0.24  1.95  0.38  1.18  0.05  0.92  0.07  1.12  0.11  0.95  0.07 
1.67  1.12  0.46  1.09  0.17  1.54  0.33  0.89  0.06  0.71  0.08  0.82  0.05  0.71  0.04 
2.00  1.01  0.46  0.80  0.07  1.04  0.19  0.68  0.04  0.56  0.07  0.65  0.03  0.58  0.04 
2.33  0.88  0.45  0.62  0.05  0.82  0.13  0.53  0.03  0.46  0.07  0.51  0.03  0.48  0.03 
2.67  0.79  0.45  0.50  0.02  0.66  0.09  0.44  0.03  0.49  0.04  0.45  0.04  0.43  0.03 
5 
3.00  0.74  0.44  0.40  0.02  0.47  0.03  0.38  0.02  0.46  0.04  0.39  0.05  0.38  0.01 
0.17  5.77  0.59  6.88  0.09  7.58  2.48  5.45  0.16  6.63  0.06  4.35  0.19  4.91  0.12 
0.33  4.86  0.51  5.52  0.15  5.47  0.66  4.98  0.14  5.99  0.15  4.87  0.80  4.53  0.06 
0.67  3.61  0.19  3.88  0.03  3.85  0.21  3.85  0.10  4.08  0.22  3.38  0.03  3.44  0.19 
1.00  3.30  0.14  3.48  0.18  3.55  0.13  3.38  0.07  3.38  0.23  3.10  0.09  2.91  0.24 
1.33  3.00  0.12  3.07  0.16  3.23  0.02  3.09  0.06  2.40  0.24  2.86  0.15  2.38  0.24 
1.67  2.64  0.16  2.50  0.17  3.02  0.02  2.66  0.08  1.70  0.16  2.59  0.17  1.84  0.21 
2.00  2.44  0.33  2.10  0.15  2.57  0.36  2.37  0.08  1.31  0.13  2.42  0.26  1.53  0.19 
2.33  2.12  0.49  1.79  0.11  2.81  0.01  1.91  0.06  0.95  0.08  2.15  0.29  1.20  0.15 
2.67  1.89  0.58  1.49  0.08  2.89  0.08  1.39  0.12  0.82  0.05  1.80  0.31  0.98  0.12 
10 
3.00  1.49  0.96  1.14  0.03  2.45  0.25  1.12  0.10  0.70  0.04  1.28  0.18  0.68  0.12 
0.17  14.93  1.80  22.21  1.13  17.89  1.53  14.69  0.68  15.62  0.68  11.35  1.37  11.90  0.34 
0.33  11.77  1.29  18.11  0.48  17.10  1.51  12.97  0.52  14.40  0.75  10.33  0.85  11.07  0.21 
0.67  8.60  0.49  10.29  0.18  9.84  0.75  9.22  0.33  10.55  0.27  7.62  0.51  8.02  0.13 
1.00  5.87  0.28  7.02  0.26  6.60  0.36  6.66  0.08  8.35  0.20  5.64  0.29  6.17  0.11 
1.33  4.77  0.17  5.41  0.13  5.61  0.16  5.43  0.07  6.64  0.17  4.67  0.25  5.06  0.06 
1.67  3.98  0.12  4.32  0.10  4.58  0.13  4.50  0.03  5.51  0.14  4.06  0.19  4.34  0.03 
2.00  3.74  0.11  3.90  0.05  4.19  0.07  4.03  0.02  4.96  0.13  3.77  0.16  4.02  0.07 
2.33  3.44  0.07  3.63  0.06  3.94  0.05  3.77  0.01  4.43  0.12  3.48  0.14  3.67  0.06 
2.67  3.39  0.04  3.51  0.05  3.83  0.07  3.60  0.03  4.16  0.06  3.38  0.22  3.60  0.06 
25 
3.00  3.26  0.03  3.35  0.05  3.28  0.33  3.47  0.02  3.73  0.05  3.16  0.25  3.42  0.09 
Means (n = 4) and standard errors (SE) are shown. 















Table 9.10. Concentration of calcium (mg L
-1) in soil solution collected from 5, 10 



















Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  392  10  365  26  353  32  370  25  250*  24  413  11  308  43 
0.33  358  37  375  36  370  55  438  33  170*  19  425  32  245  37 
0.50  363  74  398  67  448  98  425  39  135  19  435  52  198  30 
0.67  378  112  375  64  453  103  360  34  101  10  403  60  166  25 
0.83  330  107  370  28  420  98  280  24  75  9  323  49  140  22 
1.00  306  123  293  77  423  106  228  17  58  8  255  32  123  18 
1.17  273  119  254  75  390  99  190  18  40  5  193  16  103  14 
1.33  264  131  233  70  361  104  153  14  31  4  165  20  91  13 
1.50  237  127  196  61  314  96  125  13  26  5  125  6  72  10 
1.67  198  115  164  48  267  84  99  12  20  3  100  6  58  8 
1.83  193  125  124  31  206  69  83  12  18  3  82  4  48  7 
2.00  181  124  98  22  145  48  64  9  13  2  68  4  39  6 
2.17  165  119  80  15  122  38  53  8  11  1  53  5  31  5 
2.33  158  124  67  13  95  27  42  7  10  1  44  6  26  4 
2.50  155  122  55  10  78  22  33  6  9  1  36  8  20  3 
2.67  153  126  46  7  67  19  25  5  8  0  29  8  16  3 
2.83  140  117  37  6  50  15  18  3  10  3  25  9  14  2 
5 
 
3.00  134  115  31  4  46  15  17  3  7  0  23  9  13  2 
0.17  393  26  400  16  413  19  355  30  355  25  388  9  403  18 
0.33  368  54  428  10  420  17  398  13  355  29  408  58  413  24 
0.50  430  45  440  21  510  15  433  23  415  28  538  3  468  46 
0.67  523  7  480  15  537  9  515  17  410  52  553  9  470  63 
0.83  503  3  460  40  513  3  490  12  363  48  513  11  445  63 
1.00  543  3  480  32  550  10  530  16  323  53  550  14  420  69 
1.17  495  42  473  26  543  18  538  14  280*  49  548  23  390  67 
1.33  508  43  485  29  558  16  530  19  213*  48  565  35  355  64 
1.50  493  50  465  38  573  3  528  23  162*  45  550  37  313  62 
1.67  468  53  450  40  535  12  475  15  123*  34  503  41  255  55 
1.83  463  68  463  44  550  17  468  19  92*  27  508  56  220*  49 
2.00  433  74  398  53  545  12  438  25  62*  20  483  68  190*  47 
2.17  390  91  320  50  550  10  375  17  43*  14  450  77  148*  37 
2.33  355  195  270  25  550  8  305  10  28*  9  418  78  125*  31 
2.50  390  145  250  30  580**  0  248  15  20*  6  373  81  98*  25 
2.67  347  118  240  15  588**  16  193  25  13*  4  315  78  79*  22 
2.83  302  112  175  5  560**  6  150  22  7*  0  248  63  62*  16 
10 
3.00  298  144  140  6  568**  33  136  24  8*  2  203  46  52*  14 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05 
** Significantly greater than the control at P < 0.05 









Table 9.11. Concentration of calcium (mg L
-1) in soil solution collected from the 25 














%  Depth  PV 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  357  9  348  18  353  23  320  19  330  26  355  23  340  25 
0.33  363  22  400  11  425  3  383  16  363  10  353  9  378  13 
0.50  417  9  410  4  458  35  430  4  410  0  425  16  413  21 
0.67  443  9  425  6  443  9  430  7  415  6  448  8  440  4 
0.83  420  6  440  15  420  0  418  5  395  3  433  9  443  5 
1.00  463  12  445  3  463  8  460  0  413*  5  473  6  460  6 
1.17  450  22  468  5  478  3  475  3  428*  5  483  9  473  5 
1.33  500  12  488  3  490  4  488  3  440*  0  523  5  498  5 
1.50  485  17  495  3  490  0  503  3  465*  3  513  9  503  5 
1.67  487  3  490  0  488  3  483  3  445*  6  495  5  488  3 
1.83  520  0  513  3  500  4  498  5  468*  5  520  4  498  3 
2.00  523  3  513  3  503  5  505  3  473*  8  525  6  508  3 
2.17  537  3  525  3  525  3  523  3  480*  7  530  4  515  3 
2.33  533  3  533  3  525  3  525  3  478*  11  528  3  528  3 
2.50  547  3  535  3  530  7  530  4  488*  9  528  5  528  6 
2.67  568  5  560  0  545  3  545  5  490*  8  535  3  513  8 
2.83  553  3  545  3  515  5  518  5  465*  10  530  7  515  6 
25 
3.00  545  6  550  0  550  4  560  9  500*  11  583  6  553  15 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05 



















Table 9.12. Concentration of magnesium (mg L
-1) in soil solution collected from 5, 
















8 %  Depth  PV 
(cm)  
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  1.00  0.10  3.78**  0.43  6.53**  1.49  1.93  0.17  2.00  0.17  0.46  0.19  0.24  0.04 
0.33  1.00  0.18  4.10**  0.64  7.03**  1.61  1.70  0.20  1.40  0.14  0.45  0.18  0.19  0.04 
0.50  0.92  0.23  4.03**  0.78  7.13**  1.74  1.48  0.15  1.23  0.13  0.41  0.15  0.18  0.06 
0.67  0.86  0.25  3.90**  0.78  6.95**  1.73  1.27  0.11  0.94  0.08  0.39  0.16  0.13  0.03 
0.83  0.81  0.24  2.88**  0.19  6.38**  1.49  1.02  0.10  0.75  0.08  0.29  0.11  0.10  0.02 
1.00  0.75  0.29  3.43**  0.86  6.38**  1.55  1.00  0.18  0.61  0.09  0.26  0.08  0.11  0.01 
1.17  0.66  0.28  3.20**  0.79  5.78**  1.38  0.72  0.06  0.42  0.05  0.17  0.06  0.09  0.02 
1.33  0.64  0.31  2.88**  0.64  5.15**  1.29  0.61  0.06  0.37  0.07  0.20  0.06  0.08  0.01 
1.50  0.60  0.29  2.68**  0.54  4.68**  1.05  0.55  0.05  0.33  0.06  0.15  0.05  0.07  0.01 
1.67  0.47  0.25  2.18**  0.38  3.50**  0.72  0.43  0.05  0.23  0.03  0.15  0.03  0.06  0.01 
1.83  0.46  0.28  1.78  0.25  3.00**  0.66  0.36  0.05  0.21  0.04  0.13  0.03  .  . 
2.00  0.42  0.26  1.58  0.18  2.38**  0.51  0.29  0.03  0.15  0.02  0.10  0.02  .  . 
2.17  0.40  0.27  1.43  0.17  2.23**  0.48  0.26  0.03  0.13  0.01  0.07  0.02  .  . 
2.33  0.56  0.28  1.22  0.13  1.83**  0.33  0.20  0.03  0.12  0.02  0.07  0.01  .  . 
2.50  0.35  0.25  1.04  0.11  1.54**  0.29  0.16  0.02  0.11  0.01  0.05  0.01  .  . 
2.67  0.32  0.23  0.96  0.09  1.41**  0.29  0.14  0.02  0.11  0.03  0.05  0.01  .  . 
2.83  0.30  0.21  0.80  0.08  1.09**  0.21  0.11  0.01  0.13  0.03  .  .  .  . 
5 
3.00  0.30  0.22  0.73  0.06  1.07**  0.24  0.11  0.01  0.11  0.02  .  .  .  . 
0.17  1.21  0.24  2.00  0.21  3.90**  0.85  2.65  0.79  3.33**  0.19  0.35  0.14  0.30  0.05 
0.33  1.20  0.20  2.70  0.26  4.68**  0.77  1.93  0.12  3.33**  0.14  0.35  0.13  0.30  0.05 
0.50  1.39  0.36  2.93  0.41  5.57**  1.09  2.15  0.12  3.65**  0.33  0.40  0.14  0.29  0.05 
0.67  1.51  0.40  3.23  0.52  5.93**  1.12  2.28  0.17  3.53**  0.55  0.41  0.14  0.28  0.04 
0.83  1.49  0.36  2.73  0.39  6.03**  1.17  2.28  0.13  3.25**  0.56  0.43  0.14  0.27  0.05 
1.00  1.55  0.35  3.67  0.67  6.47**  1.24  2.43  0.15  2.85  0.58  0.42  0.15  0.24  0.04 
1.17  1.50  0.24  4.23**  0.61  6.45**  1.00  2.45  0.17  2.45  0.50  0.43  0.15  0.22  0.04 
1.33  1.47  0.23  4.43**  0.65  6.85**  1.09  2.40  0.16  1.88  0.44  0.46  0.16  0.20  0.04 
1.50  1.48  0.28  4.50**  0.64  8.00**  1.50  2.45  0.19  1.52  0.40  0.49  0.20  0.18  0.03 
1.67  1.32  0.24  4.33**  0.77  6.78**  0.95  1.95  0.17  1.13  0.29  0.41  0.15  0.15  0.04 
1.83  1.21  0.26  4.05**  0.72  6.68**  0.98  1.80  0.15  0.88  0.24  0.42  0.16  0.12  0.02 
2.00  1.14  0.27  3.73**  0.80  6.70**  0.89  1.60  0.11  0.63  0.19  0.41  0.16  0.10  0.02 
2.17  1.10  0.32  2.45  0.35  6.98**  0.89  1.33  0.08  0.46  0.14  0.37  0.15  0.11  0.03 
2.33  0.87  0.57  2.50  0.32  6.88**  0.80  1.10  0.07  0.31  0.10  0.45  0.15  0.09  0.01 
2.50  1.04  0.46  1.90  0.20  7.43**  1.03  0.88  0.06  0.22  0.07  0.41  0.15  0.07  0.00 
2.67  0.96  0.37  2.20  0.42  6.78**  0.84  0.69  0.09  0.17  0.05  0.36  0.14  0.08  0.01 
2.83  0.82  0.34  1.45  0.05  6.37**  0.81  0.56  0.07  0.10  0.01  0.28  0.11  0.08  0.02 
10 
3.00  0.83  0.50  1.50  0.20  6.18**  0.80  0.52  0.08  0.11  0.02  0.22  0.08  .  . 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05 
** Significantly greater than the control at P < 0.05 










Table 9.13. Concentration of magnesium (mg L
-1) in soil solution collected from the 














8 %  Depth  PV 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  0.74  0.16  1.70  0.17  4.25**  0.63  1.63  0.08  2.43**  0.09  0.48  0.12  0.28  0.05 
0.33  0.82  0.16  2.03  0.30  4.50**  0.83  1.83  0.11  2.70**  0.11  0.38  0.13  0.27  0.04 
0.50  0.89  0.19  2.43  0.28  4.90**  0.80  2.10  0.12  3.08**  0.11  0.39  0.14  0.28  0.05 
0.67  0.95  0.21  2.68**  0.32  5.08**  0.80  2.18  0.16  3.20**  0.14  0.40  0.13  0.28  0.06 
0.83  0.95  0.21  2.95**  0.75  5.05**  0.83  2.23  0.16  3.33**  0.13  0.40  0.13  0.30  0.06 
1.00  1.05  0.22  3.20**  0.41  5.65**  0.95  2.43  0.13  3.70**  0.17  0.43  0.14  0.24  0.05 
1.17  1.22  0.20  3.63**  0.50  6.00**  0.95  2.58  0.14  4.13**  0.21  0.46  0.15  0.29  0.05 
1.33  1.17  0.23  3.95**  0.49  6.25**  1.01  2.60  0.15  4.40**  0.19  0.50  0.17  0.33  0.04 
1.50  1.35  0.19  4.33**  0.59  6.78**  1.08  2.93  0.19  5.25**  0.29  0.50  0.16  0.31  0.06 
1.67  1.22  0.24  4.15**  0.51  6.08**  0.86  2.63  0.17  4.73**  0.23  0.47  0.16  0.29  0.05 
1.83  1.24  0.22  4.43**  0.58  6.28**  0.88  2.73  0.17  5.05**  0.29  0.50  0.17  0.29  0.05 
2.00  1.26  0.21  4.53**  0.51  6.43**  0.86  2.73  0.17  5.08**  0.35  0.50  0.16  0.30  0.05 
2.17  1.29  0.24  4.73**  0.55  6.65**  0.84  2.85  0.18  5.48**  0.37  0.49  0.16  0.29  0.05 
2.33  1.41  0.28  4.85**  0.61  6.63**  0.80  2.83  0.19  5.50**  0.36  0.49  0.16  0.31  0.05 
2.50  1.35  0.21  4.90**  0.52  6.88**  0.89  2.85  0.18  5.50**  0.34  0.49  0.16  0.31  0.05 
2.67  1.53  0.21  5.18**  0.58  6.88**  0.83  2.90  0.21  5.48**  0.38  0.51  0.16  0.31  0.05 
2.83  1.48  0.18  5.05**  0.56  6.33**  0.71  2.73  0.20  5.15**  0.37  0.51  0.16  0.31  0.05 
25 
3.00  1.50  0.16  5.35**  0.63  6.90**  0.79  3.03  0.26  5.53**  0.45  0.56  0.18  0.33  0.04 
Means (n = 4) and standard errors (SE) are shown. 
** Significantly greater than the control at P < 0.05 



















Table 9.14. Concentration of potassium (mg L
-1) in soil solution collected from 5, 
















8 %  Depth  PV 
(cm)  
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  19.4  7.1  25.8  6.4  23.3  10.2  2.7  0.8  8.5  3.0  7.6  4.8  10.3  4.7 
0.33  15.6  5.6  18.3  4.9  12.5  4.9  2.4  0.9  9.0  4.8  4.8  2.4  7.4  3.6 
0.50  11.3  4.2  10.9  2.0  8.9  3.6  2.2  1.1  5.2  2.1  3.4  1.3  5.2  2.6 
0.67  10.2  4.7  8.1  1.0  7.6  2.9  1.6  0.7  3.5  1.0  2.6  1.1  4.1  2.0 
0.83  7.4  3.5  4.5  0.3  5.7  2.3  1.5  0.8  2.7  0.7  1.9  0.7  3.0  1.4 
1.00  8.3  4.1  5.1  0.8  6.9  2.7  2.2  1.1  3.7  1.5  2.0  0.8  3.7  1.6 
1.17  7.8  4.5  3.7  0.4  3.8  1.2  1.7  0.8  2.1  0.5  2.0  0.7  3.6  1.5 
1.33  5.9  3.1  3.2  0.4  3.8  1.3  1.5  0.8  2.2  0.3  1.7  0.7  2.7  1.0 
1.50  4.6  2.3  2.5  0.4  2.8  0.9  1.2  0.6  2.0  0.3  1.4  0.5  2.5  1.0 
1.67  3.8  1.5  2.2  0.3  2.3  0.8  1.0  0.4  1.4  0.1  1.2  0.4  2.1  0.8 
1.83  3.6  1.7  2.4  0.3  2.7  0.9  1.2  0.6  2.1  0.6  1.3  0.4  2.1  0.8 
2.00  3.0  1.3  2.2  0.3  2.5  0.8  1.1  0.6  1.7  0.4  1.2  0.3  1.9  0.8 
2.17  2.9  1.3  2.0  0.2  2.3  0.7  1.0  0.5  1.5  0.4  1.2  0.3  1.8  0.8 
2.33  3.9  1.2  1.8  0.2  2.2  0.7  1.5  0.1  1.4  0.3  1.1  0.3  1.8  0.7 
2.50  2.2  0.7  1.8  0.1  2.2  0.7  1.1  0.6  1.3  0.2  1.1  0.3  1.9  0.7 
2.67  2.3  0.8  2.0  0.3  2.3  0.7  1.1  0.6  1.2  0.1  1.1  0.3  1.8  0.7 
2.83  2.2  0.6  2.0  0.3  2.2  0.7  1.6  0.1  1.2  0.1  1.2  0.3  1.8  0.7 
5 
3.00  2.2  0.4  1.6  0.2  1.9  0.6  1.3  0.1  1.0  0.1  0.9  0.2  1.7  0.6 
0.17  58.3  14.4  48.8  10.3  40.0  11.5  16.9*  3.5  10.5*  2.5  12.9*  5.2  18.1  6.8 
0.33  39.0  6.2  39.0  6.3  34.3  6.9  16.0  6.0  10.3*  1.6  15.5  5.1  17.6  6.9 
0.50  36.7  2.9  30.7  3.3  22.0  5.9  14.0*  6.4  8.0*  1.2  10.4*  3.0  13.5  5.2 
0.67  27.3  3.4  23.3  2.8  17.2  4.6  12.4  5.8  5.7*  0.9  7.4*  1.9  10.6*  4.2 
0.83  19.0  2.1  20.0  9.1  12.0  3.2  9.0  4.2  4.7*  0.8  5.0*  1.3  7.5  2.9 
1.00  19.0  3.0  15.0  2.1  12.8  3.4  9.6  4.7  4.7*  0.8  5.1*  1.3  7.8  3.2 
1.17  16.0  1.9  13.2  2.1  13.4  3.7  8.5  4.4  3.7*  0.7  4.4*  1.1  6.6  2.6 
1.33  13.3  1.3  10.1  1.4  12.6  4.3  6.5  3.3  2.9*  0.5  3.5*  1.0  5.8  2.2 
1.50  10.5  1.4  7.8  0.8  6.3  1.3  4.8  2.5  2.0*  0.4  2.8  0.7  4.8  1.8 
1.67  7.9  0.9  6.5  0.8  7.7  2.6  3.9  2.1  1.7  0.3  2.3  0.6  3.8  1.4 
1.83  8.9  1.1  9.3  3.0  8.8  3.2  4.0  2.1  1.8  0.3  2.4  0.6  4.4  1.8 
2.00  8.0  1.1  6.1  0.8  8.5  3.3  4.0  2.1  1.6  0.2  2.3  0.5  4.0  1.5 
2.17  7.4  1.1  5.3  0.7  8.9  3.8  3.4  1.8  1.4  0.2  2.0  0.5  3.5  1.4 
2.33  5.2  1.9  5.5  0.7  7.3  3.0  3.1  1.6  1.3  0.2  1.9  0.4  3.7  1.6 
2.50  6.4  1.2  5.3  0.9  4.6  1.0  3.3  1.7  1.3  0.2  2.0  0.4  3.9  1.8 
2.67  6.3  1.0  5.7  1.0  6.7  2.2  3.1  1.5  1.3  0.2  1.9  0.4  3.8  1.8 
2.83  5.8  0.8  4.8  0.8  4.1  1.0  3.0  1.6  1.2  0.2  1.9  0.4  3.7  1.8 
10 
3.00  5.0  0.9  5.2  1.1  6.2  2.7  2.5  1.3  1.1  0.1  1.6  0.3  3.8  2.1 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05 
** Significantly greater than the control at P < 0.05 










Table 9.15. Concentration of potassium (mg L
-1) in soil solution collected from 25 














 %  Depth  PV  
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  130  40.0  182  13.8  104  16.0  44.8*  13.4  29.8*  7.0  26.8*  9.4  41.5*  8.2 
0.33  112  32.8  162  14.9  105  16.4  45.0*  13.7  28.3*  5.2  25.8*  5.2  37.8*  6.7 
0.50  94.3  28.1  119  18.6  75.8  12.7  38.8  13.4  23.0*  3.8  23.3*  4.6  30.8*  5.4 
0.67  79.7  23.4  95.8  9.2  63.5  9.5  33.8*  10.8  19.8*  3.0  19.8*  3.5  24.3*  4.2 
0.83  54.7  16.5  49.0  6.0  40.5  5.1  24.5*  7.9  15.5*  2.1  13.7*  2.1  17.8*  3.1 
1.00  45.3  13.0  53.5  6.2  37.8  4.5  23.3  7.5  15.5*  1.6  12.7*  2.1  12.9*  2.9 
1.17  41.0  7.9  43.5  4.1  30.3  3.1  19.7*  6.6  13.0*  0.7  10.9*  1.8  13.2*  2.0 
1.33  34.0  8.4  37.8  4.1  27.0  3.1  16.2*  5.3  11.2*  0.9  9.8*  1.9  11.7*  1.7 
1.50  30.3  5.4  28.8  3.3  20.0  2.7  12.6*  4.1  8.9*  0.7  7.8*  1.4  9.1*  1.1 
1.67  21.3  5.2  22.3  2.3  16.0  1.9  9.8*  2.9  7.1*  0.6  6.3*  1.0  7.3*  0.9 
1.83  22.3  4.6  23.0  1.9  16.5  1.7  9.8*  2.9  7.2*  0.5  6.5*  1.1  7.4*  0.9 
2.00  20.0  4.0  20.3  1.7  15.0  1.7  9.3*  2.9  6.3*  0.4  6.2*  1.0  7.0*  1.0 
2.17  18.3  3.5  18.8  1.3  14.8  1.8  8.1*  2.4  5.5*  0.4  5.7*  0.9  5.9*  0.8 
2.33  16.7  2.6  17.5  1.3  13.0  1.3  7.5*  2.2  4.8*  0.4  5.3*  0.9  6.2*  0.9 
2.50  17.3  2.9  18.0  1.5  13.7  1.6  7.7*  2.2  4.7*  0.4  5.4*  0.9  5.8*  0.8 
2.67  17.0  2.0  17.5  1.3  14.0  1.7  7.5*  2.3  4.5*  0.3  5.3*  0.9  5.5*  0.8 
2.83  15.8  1.8  17.0  1.5  12.6  1.3  7.1*  2.0  3.9*  0.4  5.3*  0.8  5.1*  0.5 
25 
3.00  13.8  1.7  14.5  1.4  10.5  1.0  6.1*  1.7  3.5*  0.3  4.7*  0.8  4.9*  0.6 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05 
** Significantly greater than the control at P < 0.05 



















Table 9.16. Concentration of sodium (mg L
-1) in soil solution collected from 5, 10 

















Depth  PV  
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  404  93  493  6  505  74  400  31  640**  61  300  43  388  23 
0.33  278  57  305  9  268  33  260  18  448**  34  193  9  250  20 
0.50  165  35  203  3  198  24  218  16  370**  18  155  9  170  15 
0.67  135  28  163  3  163  16  168  14  278**  25  116  8  145  9 
0.83  94  16  120  10  128  11  128  5  220**  17  96  4  123  6 
1.00  98  18  115  5  145  13  128  6  218**  16  95  5  118  3 
1.17  78  11  86  5  101  6  118**  5  180**  13  78  9  115  6 
1.33  71  10  80  6  92  5  91  4  153**  10  77  7  103**  5 
1.50  62  10  71  7  80  2  88  5  148**  13  70  5  95**  2 
1.67  45  7  60  4  66  2  69**  3  114**  9  60  3  75**  2 
1.83  50  5  63  4  73**  2  75**  3  130**  7  66  1  78**  3 
2.00  49  6  59  5  67**  1  68**  2  110**  6  62  1  73**  2 
2.17  46  6  55  3  68**  2  67**  3  104**  4  60  1  72**  2 
2.33  56  21  51  3  65  1  63  2  97**  5  56  1  71  2 
2.50  41  6  50  2  65**  3  67**  2  98**  5  57**  2  69**  2 
2.67  41  4  52  4  68**  3  65**  3  98**  6  56**  2  69**  2 
2.83  38  5  50  3  63  2  59  3  112**  17  57**  2  68**  2 
5 
3.00  34  3  46  4  64**  4  64**  1  101**  10  59**  1  74**  1 
0.17  910  170  1450  250  1488  494  893  24  1175  25  555  49  715  31 
0.33  695  150  918  65  1000  211  738  31  1063  55  683  206  648  24 
0.50  510  103  617  29  567  84  585  31  848**  19  420  23  498  20 
0.67  370  59  483  23  433  55  468  23  593**  19  310  15  385  23 
0.83  273  55  413  199  300  31  328  21  485  12  225  15  285  21 
1.00  243  32  310  30  313  28  313  17  473**  22  223  10  265  17 
1.17  250  48  300  40  360  100  283  19  410  18  205  12  248  15 
1.33  220  40  245  27  315  89  223  15  323  19  178  14  218  15 
1.50  195  43  198  14  193  7  198  10  270  18  160  9  195  13 
1.67  150  32  168  17  208  51  155  10  223  6  123  8  150  13 
1.83  153  26  225  68  210  44  163  9  225  5  130  9  158  13 
2.00  138  23  148  13  203  49  148  9  200  12  118  8  148  13 
2.17  130  26  125  5  205  55  135  6  180  7  110  7  130  9 
2.33  75  13  127  17  188  51  120  7  160  7  102  5  130  8 
2.50  95  9  115  5  140**  1  128**  8  158**  5  103  5  125**  9 
2.67  111  20  126  22  165  28  119  9  155  5  95  4  115  9 
2.83  103  17  100  1  120  1  108  7  140  6  92  4  109  8 
10 
3.00  81  8  110  15  155**  32  119  8  155**  6  96  2  115  5 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05 
** Significantly greater than the control at P < 0.05 










Table 9.17. Concentration of sodium (mg L
-1) in soil solution collected from 25 cm 














8 %  Depth PV 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE 
0.17  3667  612  5850**  380  4375  466  3675  243  3975  210  2600  418  2800  91 
0.33  3000  436  4525**  165  4200  471  3150  132  3650  233  2275  236  2525  75 
0.50  2267  203  3025  144  2825  444  2325  95  2800  129  1775  165  1900  41 
0.67  1633  120  2125  95  2100  235  1925  63  2350**  87  1450  119  1600  41 
0.83  1167  88  1290  310  1475  131  1475  25  2000**  108  1113  97  1375  48 
1.00  930  87  1225  63  1350  119  1300  41  1825**  63  963  88  973  196 
1.17  863  119  958  30  1010  54  993  8  1500**  71  768  69  930  23 
1.33  610  45  758  38  860**  45  830  17  1250**  29  658  69  800  15 
1.50  590  58  618  32  720  34  728  17  1125**  25  573  50  698  11 
1.67  420  35  503  24  580**  29  585**  3  895**  36  468  46  573**  11 
1.83  410  32  475  18  565**  23  550**  7  873**  43  460  47  538  11 
2.00  363  30  420  17  520**  20  485**  9  760**  38  408  38  500**  15 
2.17  347  26  403  14  513**  21  468**  5  705**  37  388  38  458**  10 
2.33  323  23  370  15  468**  17  430**  4  630**  28  358  36  445**  15 
2.50  313  23  363  13  470**  14  423**  6  600**  33  343  38  420**  10 
2.67  318  23  340  11  450**  16  395  3  563**  25  325  32  383  16 
2.83  280  20  315  13  395**  13  358**  3  480**  18  308  30  365**  12 
25 
3.00  263  18  303  14  400**  11  380**  4  500**  18  325  35  375**  13 
Means (n = 4) and standard errors (SE) are shown. 
* Significantly less than control at P < 0.05 
** Significantly greater than the control at P < 0.05 



















Table.9.18 Initial and final pH and electrical conductivity from bauxite residue 
fines treatments in the column leaching study.  
1:5 soil:water extraction 
pH  EC dS m
-1 
       Treatment    Depth 
  (cm) 
Mean  SE  Mean  SE 
Control (0 %)  Initial  8.68  0.04  3.51  0.04 
   0 - 5  8.58  0.09  0.14  0.01 
5 - 10  8.39  0.08  0.33  0.12 
  
10 - 25  8.30  0.03  0.59  0.04 
   25 - 40  8.01  0.10  0.95  0.09 
Seawater 3 %  Initial  8.69  0.04  4.15*  0.13 
   0 - 5  8.57  0.02  0.15  0.01 
5 - 10  8.40  0.07  0.37  0.09 
  
10 - 25  8.38  0.02  0.51  0.03 
   25 - 40  8.12  0.04  1.19  0.10 
Seawater 8 %  Initial  8.74  0.07  5.26*  0.09 
   0 - 5  8.68  0.04  0.17  0.01 
5 - 10  8.43  0.12  0.38  0.11 
  
10 - 25  8.54*  0.01  0.91*  0.07 
   25 - 40  8.10  0.03  1.07  0.10 
Carbonated 3 %  Initial  8.60  0.02  3.61  0.07 
   0 - 5  8.61  0.04  0.14  0.01 
5 - 10  8.65  0.13  0.16  0.02 
  
10 - 25  8.36  0.04  0.56  0.04 
   25 - 40  8.14  0.04  0.79  0.11 
Carbonated 8 %  Initial  8.64  0.02  3.85*  0.09 
   0 - 5  8.78  0.03  0.16  0.01 
5 - 10  8.71  0.05  0.18  0.03 
  
10 - 25  8.67*  0.02  0.18  0.01 
   25 - 40  8.38*  0.06  0.94  0.08 
Unaltered 3 %  Initial  8.76  0.03  3.69  0.05 
   0 - 5  8.62  0.05  0.13  0.01 
5 - 10  8.64  0.04  0.18*  0.01 
  
10 - 25  8.61*  0.03  0.53  0.06 
   25 - 40  8.14  0.11  0.79  0.06 
Unaltered 8 %  Initial  8.88*  0.04  3.76  0.05 
   0 - 5  8.97*  0.06  0.17  0.02 
5 - 10  8.71  0.05  0.24  0.03 
  
10 - 25  8.81*  0.03  0.30*  0.05 
   25 - 40  8.34*  0.10  0.89  0.12 
Means (n = 4) and standard errors (SE) are shown. 










Table.9.19. Final concentrations of extractable, exchangeable and soluble calcium 
from bauxite residue fines treatments, by depth, in the column leaching study.  
0 - 5 cm  5 - 10 cm  10 - 25 cm  25 - 40 cm 
Final Ca measurements  
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control 0 %  1.98  0.75  2.03  0.42  3.45  0.34  3.35  0.22 
Seawater 3 %  1.37  0.12  1.71  0.12  3.20  0.18  3.60  0.42 
Seawater 8 %  1.73  0.25  2.94  0.64  4.30  0.64  4.45  0.29 
Carbonated 3 %  2.60  0.12  3.10  0.17  5.00  0.22  4.65  0.19 
Carbonated 8 %  2.65  0.17  2.67  0.52  3.10  0.40  3.85  0.51 
Unaltered 3 %  3.75
a  0.19  4.25
a  0.28  5.80
a  0.62  5.80




Unaltered 8 %  3.95
a  0.33  4.45
a  0.26  5.10  0.55  5.85
a  0.46 
Control 0 %  1.35  0.42  1.20  0.14  2.06  0.15  1.95  0.16 
Seawater 3 %  0.87  0.05  1.02  0.04  1.84  0.08  1.92  0.11 
Seawater 8 %  1.07  0.08  1.43  0.21  2.80
b  0.22  2.75
a  0.13 
Carbonated 3 %  1.07  0.02  1.17  0.04  1.84  0.08  2.15  0.10 
Carbonated 8 %  1.21  0.03  1.14  0.02  1.34
a  0.02  1.64  0.07 





Unaltered 8 %  1.31  0.10  1.44  0.06  1.74  0.13  2.08  0.13 
Control 0 %  0.63  0.33  .84  0.30  1.39  0.37  1.41  0.11 
Seawater 3 %  0.50  0.08  .69  0.10  1.37  0.21  1.68  0.44 
Seawater 8 %  0.67  0.18  1.02  0.37  1.50  0.49  1.70  0.24 
Carbonated 3 %  1.53  0.12  1.94  0.14  3.16  0.27  2.50  0.21 
Carbonated 8 %  1.44  0.20  1.53  0.55  1.77  0.42  2.21  0.50 
Unaltered 3 %  2.56
a  0.18  2.96
a  0.30  3.71
a  0.65  3.50





Unaltered 8 %  2.62
a  0.41  3.01
a  0.21  3.36  0.52  3.78
b  0.37 
Control 0 %  196  118  274  100  528  23  490  4 
Seawater 3 %  89  11  223  43  530  11  510  14 
Seawater 8 %  63  20  368  93  490  20  458  9 
Carbonated 3 %  26  4  120  24  535  9  500  7 
Carbonated 8 %  12  1  11
a  1  195
a  17  438
a  10 






Unaltered 8 %  10  1  33  7  363
b  54  420
a  14 
Means (n = 4) and standard errors (SE) are shown. 
1 soluble is determined as the difference of extractable minus exchangeable. 
2 determined from saturated paste 
Means, within extraction method, followed by same letter are not significantly different, but are significantly 














Table 9.20. Final concentrations of extractable, exchangeable and soluble 
magnesium from bauxite residue fines treatments in the column leaching study.  
0 - 5 cm  5 - 10 cm  10 - 25 cm  25 - 40 cm 
Final Mg measurements   
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control 0 %  0.03  0.01  0.03  0.01  0.03  0.01  0.03  0.01 
Seawater 3 %  0.12
 a  0.01  0.15
 a  0.01  0.19
 a  0.01  0.23
a  0.05 
Seawater 8 %  0.37
 b  0.05  0.44
 b  0.07  0.45
 b  0.05  0.53
 b  0.04 
Carbonated 3 %  0.06  0.01  0.07  0.01  0.08  0.01  0.09  0.01 
Carbonated 8 %  0.08  0.01  0.08  0.01  0.08  0.01  0.10  0.01 




Unaltered 8 %  0.11  0.01  0.12  0.01  0.12  0.01  0.13  0.01 
Control 0 %  0.02  0.01  0.02  0.01  0.02  0.01  0.02  0.01 
Seawater 3 %  0.08
 a  0.01  0.09
 a  0.01  0.09
 a  0.01  0.11
 a  0.01 
Seawater 8 %  0.18
 b  0.01  0.19
 b  0.01  0.18
 b  0.02  0.19
 b  0.01 
Carbonated 3 %  0.02  0.01  0.02  0.01  0.02  0.01  0.02  0.01 
Carbonated 8 %  0.02  0.01  0.02  0.01  0.03  0.01  0.03  0.01 






Unaltered 8 %  0.03  0.01  0.02  0.01  0.02  0.01  0.03  0.01 
Control 0 %  0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.01 
Seawater 3 %  0.04  0.01  0.05  0.01  0.10  0.01  0.12  0.04 
Seawater 8 %  0.19
 a  0.04  0.19
b  0.05  0.27
 a  0.06  0.34
a  0.06 
Carbonated 3 %  0.05  0.01  0.05  0.01  0.07  0.01  0.07  0.01 
Carbonated 8 %  0.06  0.01  0.06  0.01  0.06  0.01  0.07  0.01 





Unaltered 8 %  0.09  0.01  0.10
 a  0.01  0.09  0.01  0.10  0.01 
Control 0 %  1.20  0.38  1.68  0.51  2.95  0.33  2.68  0.15 
Seawater 3 %  7.40  0.68  14.23  2.27  24.25
a  1.31  27.25
a  2.63 
Seawater 8 %  11.73
a  3.48  38.25
a  6.94  42.50
b  1.32  45.25
b  2.10 
Carbonated 3 %  0.28  0.04  0.96  0.11  3.78  0.14  4.25  0.12 
Carbonated 8 %  0.22  0.05  0.18  0.01  2.25  0.20  4.85  0.06 






Unaltered 8 %  0.12  0.00  0.28  0.05  2.20  0.24  2.55  0.21 
Means (n = 4) and standard errors (SE) are shown. 
1 soluble is determined as the difference of extractable minus exchangeable. 
2 determined from saturated paste 
Means, within extraction method, followed by same letter are not significantly different, but are significantly 















Table 9.21. Final concentrations of extractable, exchangeable and soluble 
potassium from bauxite residue fines treatments in the column leaching study.  
0 - 5 cm  5 - 10 cm  10 - 25 cm  25 - 40 cm 
Final K measurements  
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control 0 %  0.07  0.01  0.08  0.01  0.09  0.01  0.09  0.01 
Seawater 3 %  0.08  0.01  0.10  0.01  0.11  0.01  0.13  0.02 
Seawater 8 %  0.10
 b  0.01  0.11  0.01  0.13  0.02  0.14  0.02 
Carbonated 3 %  0.11
 b  0.01  0.13
ab  0.01  0.13
a  0.01  0.13  0.01 
Carbonated 8 %  0.11
ab  0.01  0.12
ab  0.01  0.12  0.01  0.12  0.01 
Unaltered 3 %  0.12
bc  0.01  0.13
ab  0.01  0.13






Unaltered 8 %  0.14
d  0.01  0.15
b  0.01  0.15
a  0.01  0.14  0.01 
Control 0 %  0.05  0.01  0.06  0.01  0.07  0.01  0.06  0.01 
Seawater 3 %  0.06  0.01  0.07  0.01  0.08  0.01  0.07  0.01 
Seawater 8 %  0.05  0.01  0.06  0.01  0.07  0.01  0.07  0.01 
Carbonated 3 %  0.03  0.01  0.04  0.01  0.05  0.01  0.05  0.01 
Carbonated 8 %  0.04  0.01  0.04  0.01  0.04  0.01  0.04  0.01 







Unaltered 8 %  0.03  0.01  0.05  0.01  0.05  0.01  0.04  0.01 
Control 0 %  0.02  0.01  0.02  0.01  0.02  0.01  0.03  0.01 
Seawater 3 %  0.03  0.01  0.03  0.01  0.03  0.01  0.06  0.01 
Seawater 8 %  0.05  0.01  0.03  0.01  0.05  0.02  0.06  0.02 
Carbonated 3 %  0.08  0.01  0.09
a  0.01  0.09
a  0.01  0.08
a  0.01 
Carbonated 8 %  0.07  0.01  0.08
a  0.01  0.08
a  0.01  0.08
a  0.01 
Unaltered 3 %  0.09  0.01  0.10
b  0.01  0.08
a  0.01  0.09






Unaltered 8 %  0.11  0.01  0.11
b  0.01  0.10
a  0.01  0.10
a  0.01 
Control 0 %  6.4  1.0  17.8  6.4  23.3  4.6  25.0  3.0 
Seawater 3 %  8.8  2.0  14.8  1.0  26.8  0.6  38.8
b  4.0 
Seawater 8 %  3.9  0.8  6.9  1.4  13.0
a  1.1  20.8  2.3 
Carbonated 3 %  1.3
a  0.4  2.6
a  0.4  4.8
a  0.5  8.8
a  0.1 
Carbonated 8 %  0.9
a  0.2  1.3
a  0.2  3.4
a  0.5  5.4
a  0.2 
Unaltered 3 %  1.4
a  0.1  3.3
a  0.4  4.9
a  0.5  7.8









Unaltered 8 %  1.1
a  0.2  2.9
a  0.8  5.5
a  1.3  7.1
a  1.1 
Means (n = 4) and standard errors (SE) are shown. 
1 soluble is determined as the difference of extractable minus exchangeable. 
2 determined from saturated paste 
Means, within extraction method, followed by same letter are not significantly different, but are significantly 














Table 9.22. Final concentrations of extractable, exchangeable and soluble sodium 
from bauxite residue fines treatments in the column leaching study.  
0 - 5 cm  5 - 10 cm  10 - 25 cm  25 - 40 cm 
Final Na measurements  
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control 0 %  0.71  0.20  0.67  0.04  0.96  0.10  1.30  0.09 
Seawater 3 %  0.80  0.04  1.01  0.03  1.40  0.08  2.18
a  0.15 
Seawater 8 %  1.44
bc  0.04  1.56
a  0.10  1.94
bc  0.10  2.66
ab  0.11 
Carbonated 3 %  1.34
a  0.03  1.46
a  0.07  1.71
ab  0.03  2.27
a  0.12 
Carbonated 8 %  1.89
c  0.14  2.40
b  0.18  2.31
cd  0.17  3.01
bc  0.11 
Unaltered 3 %  1.50
bc  0.01  1.72
a  0.07  1.94
bc  0.10  2.40






Unaltered 8 %  2.66
d  0.11  2.79
b  0.07  2.75
d  0.13  3.58
c  0.21 
Control 0 %  0.27  0.01  0.34  0.04  0.43  0.02  0.48  0.01 
Seawater 3 %  0.45
a  0.02  0.51
a  0.03  0.70
ab  0.07  0.76
a  0.04 
Seawater 8 %  0.77
b  0.02  0.82
b  0.01  0.95
bc  0.06  1.11
b  0.06 
Carbonated 3 %  0.53
a  0.02  0.58
a  0.02  0.63
a  0.01  0.86
a  0.05 
Carbonated 8 %  1.02
c  0.05  1.17
c  0.04  1.26
d  0.08  1.38
c  0.02 
Unaltered 3 %  0.54
a  0.04  0.51
a  0.03  0.62
a  0.03  0.72







Unaltered 8 %  0.97
c  0.06  1.12
c  0.05  1.11
cd  0.07  1.21
bc  0.02 
Control 0 %  0.44  0.20  0.33  0.02  0.52  0.10  0.82  0.10 
Seawater 3 %  0.35  0.05  0.50  0.02  0.70  0.13  1.42  0.12 
Seawater 8 %  0.67  0.04  0.68  0.11  0.99  0.14  1.55
a  0.15 
Carbonated 3 %  0.81  0.03  0.89
ab  0.05  1.08  0.02  1.41  0.14 
Carbonated 8 %  0.87  0.19  1.24
b  0.20  1.06  0.22  1.63
a  0.11 
Unaltered 3 %  0.96  0.05  1.21
b  0.07  1.33
ab  0.13  1.68






Unaltered 8 %  1.76
a  0.08  1.68
c  0.05  1.64
b  0.17  2.38
b  0.23 
Control 0 %  183  9  273  46  598  97  810  53 
Seawater 3 %  233
a  9  355  43  675  29  1123  126 
Seawater 8 %  243
a  9  393  35  610  54  1080  71 
Carbonated 3 %  168  6  225  23  340  47  790  78 
Carbonated 8 %  175  6  245  20  655  150  1000  36 









Unaltered 8 %  185  10  275  18  560  41  1010  83 
Means (n = 4) and standard errors (SE) are shown. 
1 soluble is determined as the difference of extractable minus exchangeable. 
2 determined from saturated paste 
Means, within extraction method, followed by same letter are not significantly different, but are significantly 













Table 9.23. Initial concentrations of extractable, exchangeable and soluble base 














-1  Cation  Treatment 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Ca  Control 0 %  1.34  0.60  2.84  0.66  -1.50  0.65  435  6.5 
  Seawater 3 %  0.94  0.35  2.75  0.35  -1.82  0.57  507
a  21.7 
  Seawater 8 %  1.55  0.46  3.40  0.71  -1.85  0.70  530
a  10.8 
  Carbonated 3 %  2.37  0.42  3.95  0.33  -1.59  0.59  405  9.6 
  Carbonated 8 %  1.56  0.31  4.10  0.17  -2.54  0.47  407  4.8 
  Unaltered 3 %  3.15  0.38  4.80  0.55  -1.65  0.82  390  5.8 
  Unaltered 8 %  2.39  0.30  4.05  0.21  -1.67  0.14  390  16.8 
Mg  Control 0 %  0.07  0.02  0.02  0.01  0.05  0.02  1.88  0.09 
  Seawater 3 %  0.05  0.01  0.07
a  0.02  -0.02  0.03  7.73
a  0.81 
  Seawater 8 %  0.18
a  0.05  0.09
a  0.01  0.09  0.06  12.5
a  0.65 
  Carbonated 3 %  0.06  0.01  0.03  0.01  0.04  0.01  2.08  0.34 
  Carbonated 8 %  0.07  0.01  0.04  0.01  0.03  0.01  3.77  0.87 
  Unaltered 3 %  0.08  0.01  0.03  0.01  0.05  0.01  1.16  0.12 
  Unaltered 8 %  0.09  0.01  0.02  0.01  0.07  0.01  1.28  0.26 
K  Control 0 %  0.90  0.79  0.04  0.01  0.85  0.80  131  65.9 
  Seawater 3 %  0.46  0.29  0.07
a  0.01  0.39  0.29  462  345 
  Seawater 8 %  0.34  0.04  0.09
b  0.01  0.25  0.04  265  68.1 
  Carbonated 3 %  0.11  0.01  0.03  0.01  0.08  0.01  217  148 
  Carbonated 8 %  0.13  0.02  0.03  0.01  0.10  0.02  54.0  38.9 
  Unaltered 3 %  0.11  0.01  0.03  0.01  0.08  0.01  8.6  0.6 
  Unaltered 8 %  0.13  0.01  0.03  0.01  0.11  0.01  40.2  29.9 
Na  Control 0 %  11.2  0.78  2.62  0.24  8.60  0.66  8700  1244 
  Seawater 3 %  20.0
b  1.20  3.14  0.17  16.8
ab  1.25  12350
a  1011 
  Seawater 8 %  25.3
c  1.51  3.76
ab  0.11  21.6
b  1.47  15250
a  629 
  Carbonated 3 %  13.1  0.77  3.36  0.08  9.7  0.69  7400  195 
  Carbonated 8 %  16.4
ab  1.19  4.45
bc  0.15  11.9  1.19  8850  523 
  Unaltered 3 %  14.3  0.61  3.49
a  0.12  10.8  0.70  7675  747 
  Unaltered 8 %  21.4
bc  1.31  4.63
c  0.21  16.8
ab  1.28  7925  804 
Means (n = 4) and standard errors (SE) are shown. 
1 soluble is determined as the difference of extractable minus exchangeable. 
2 determined from saturated paste 
Means, within extraction method, followed by same letter are not significantly different, but are significantly 













Table 9.24. Extractable calcium, magnesium, potassium and sodium, at initial and 
final sampling, in bauxite residue fines treatments in the 2007 glasshouse leaching 
study.   
NH4Cl Extractable at pH 8.5 
Ca cmolc kg
-1  Mg cmolc kg
-1  K cmolc kg
-1  Na cmolc kg
-1   Treatment  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control   Initial  1.34  0.60  0.07  0.02  0.90  0.79  11.22  0.78 
   0 - 5  1.98  0.75  0.03  0.01  0.07  0.01  0.71
a  0.20 
   5 -10  2.03  0.42  0.03  0.01  0.08  0.01  0.67
a  0.04 
   10 - 25  3.45  0.34  0.03  0.01  0.09  0.01  0.96
a  0.10 
   25 - 40  3.35  0.22  0.03  0.01  0.09  0.01  1.30
a  0.09 
Seawater 3 %  Initial  0.94  0.35  0.05  0.01  0.46  0.29  20.00  1.20 
   0 - 5  1.37  0.12  0.12  0.01  0.08  0.01  0.80
a  0.04 
   5 -10  1.71  0.12  0.15
a  0.01  0.10  0.01  1.01
a  0.03 
   10 - 25  3.20
a  0.18  0.19
a  0.01  0.11  0.01  1.40
a  0.08 
   25 - 40  3.60
a  0.42  0.23
ab  0.05  0.13  0.02  2.18
a  0.15 
Seawater 8 %  Initial  1.55  0.46  0.18  0.05  0.34  0.04  25.33  1.51 
   0 - 5  1.73  0.25  0.37  0.05  0.10
a  0.01  1.44
a  0.04 
   5 -10  2.94  0.64  0.44
a  0.07  0.11
a  0.01  1.56
a  0.10 
   10 - 25  4.30
a  0.64  0.45
a  0.05  0.13
a  0.02  1.94
a  0.10 
   25 - 40  4.45
a  0.29  0.53
a  0.04  0.14
a  0.02  2.66
a  0.11 
Carbonated 3 %  Initial  2.37  0.42  0.06  0.01  0.11  0.01  13.06  0.77 
   0 - 5  2.60  0.12  0.06  0.01  0.11  0.01  1.34
a  0.03 
   5 -10  3.10  0.17  0.07  0.01  0.13  0.01  1.46
a  0.07 
   10 - 25  5.00
a  0.22  0.08
a  0.01  0.13  0.01  1.71
a  0.03 
   25 - 40  4.65
a  0.19  0.09
a  0.01  0.13  0.01  2.27
a  0.12 
Carbonated 8 %  Initial  1.56  0.31  0.07  0.01  0.13  0.02  16.38  1.19 
   0 - 5  2.65  0.17  0.08  0.01  0.11  0.01  1.89
a  0.14 
   5 -10  2.67  0.52  0.08  0.01  0.12  0.01  2.40
a  0.18 
   10 - 25  3.10  0.40  0.08  0.01  0.12  0.01  2.31
a  0.17 
   25 - 40  3.85
a  0.51  0.10  0.01  0.12  0.01  3.01
a  0.11 
Unaltered 3 %  Initial  3.15  0.38  0.08  0.01  0.11  0.01  14.28  0.61 
   0 - 5  3.75  0.19  0.10  0.01  0.12  0.01  1.50
a  0.01 
   5 -10  4.25  0.28  0.09  0.01  0.13  0.01  1.72
a  0.07 
   10 - 25  5.80
a  0.62  0.11  0.01  0.13  0.01  1.94
a  0.10 
   25 - 40  5.80
a  0.14  0.11  0.01  0.14
a  0.01  2.40
a  0.04 
Unaltered 8 %  Initial  2.39  0.30  0.09  0.01  0.13  0.01  21.40  1.31 
   0 - 5  3.95  0.33  0.11  0.01  0.14  0.01  2.66
a  0.11 
   5 -10  4.45
a  0.26  0.12  0.01  0.15  0.01  2.79
a  0.07 
   10 - 25  5.10
a  0.55  0.12  0.01  0.15  0.01  2.75
a  0.13 
   25 - 40  5.85
a  0.46  0.13
a  0.01  0.14  0.01  3.58
a  0.21 
Means (n = 4) and standard errors (SE) are shown. 
Means followed by same letter are not significantly different by depth, within treatments, but are significantly 









Table 9.25. Exchangeable calcium, magnesium, potassium and sodium, at initial 
and final sampling, in bauxite residue fines treatments in the 2007 glasshouse 
leaching study.  
NH4Cl Exchangeable at pH 8.5 (prewashed for soluble salts) 
Ca cmolc kg
-1  Mg cmolc kg
-1  K cmolc kg
-1  Na cmolc kg
-1  Treatment  Depth 
(cm) 
Mean  SE  Mean  SE  Mean  SE  Mean  SE 
Control (0 %)  Initial  2.84  0.66  0.02  0.01  0.04  0.01  2.62  0.24 
   0 - 5  1.35  0.42  0.02  0.01  0.05  0.01  0.27
a  0.01 
   5 -10  1.20  0.14  0.02  0.01  0.06  0.01  0.34
a  0.04 
   10 - 25  2.06  0.15  0.02  0.01  0.07  0.01  0.43
a  0.02 
   25 - 40  1.95  0.16  0.02  0.01  0.06  0.01  0.48
a  0.01 
Seawater 3 %  Initial  2.75  0.35  0.07  0.02  0.07  0.01  3.14  0.17 
   0 - 5  0.87  0.05  0.08  0.01  0.06  0.01  0.45
a  0.02 
   5 -10  1.02  0.04  0.09  0.01  0.07  0.01  0.51
a  0.03 
   10 - 25  1.84  0.08  0.09  0.01  0.08  0.01  0.70
a  0.07 
   25 - 40  1.92  0.11  0.11  0.01  0.07  0.01  0.76
a  0.04 
Seawater 8 %  Initial  3.40  0.71  0.09  0.01  0.09  0.01  3.76  0.11 
   0 - 5  1.07  0.08  0.18
a  0.01  0.05  0.01  0.77
a  0.02 
   5 -10  1.43  0.21  0.19
a  0.01  0.06  0.01  0.82
ab  0.01 
   10 - 25  2.80  0.22  0.18
a  0.02  0.07  0.01  0.95
ab  0.06 
   25 - 40  2.75  0.13  0.19
a  0.01  0.07  0.01  1.11b  0.06 
Carbonated 3 %  Initial  3.95  0.33  0.03  0.01  0.03  0.01  3.36  0.08 
   0 - 5  1.07  0.02  0.02  0.01  0.03  0.01  0.53
a  0.02 
   5 -10  1.17  0.04  0.02  0.01  0.04  0.01  0.58
a  0.02 
   10 - 25  1.84  0.08  0.02  0.01  0.05  0.01  0.63
a  0.01 
   25 - 40  2.15  0.10  0.02  0.01  0.05  0.01  0.86
b  0.05 
Carbonated 8 %  Initial  4.10  0.17  0.04  0.01  0.03  0.01  4.45  0.15 
   0 - 5  1.21  0.03  0.02  0.01  0.04  0.01  1.02
a  0.05 
   5 -10  1.14  0.02  0.02  0.01  0.04  0.01  1.17
a  0.04 
   10 - 25  1.34  0.02  0.03  0.01  0.04  0.01  1.26
a  0.08 
   25 - 40  1.64  0.07  0.03  0.01  0.04  0.01  1.38
a  0.02 
Unaltered 3 %  Initial  4.80  0.55  0.03  0.01  0.03  0.01  3.49  0.12 
   0 - 5  1.19  0.04  0.02  0.01  0.03  0.01  0.54
a  0.04 
   5 -10  1.29  0.06  0.02  0.01  0.03  0.01  0.51
a  0.03 
   10 - 25  2.09  0.06  0.03  0.02  0.05  0.01  0.62
a  0.03 
   25 - 40  2.30  0.06  0.02  0.01  0.04  0.01  0.72
a  0.03 
Unaltered 8 %  Initial  4.05  0.21  0.02  0.01  0.03  0.01  4.63  0.21 
   0 - 5  1.31  0.10  0.03  0.01  0.03  0.01  0.97
a  0.06 
   5 -10  1.44  0.06  0.02  0.01  0.05  0.01  1.12
a  0.05 
   10 - 25  1.74  0.13  0.02  0.01  0.05  0.01  1.11
a  0.07 
   25 - 40  2.08  0.13  0.03  0.01  0.04  0.01  1.21
a  0.02 
Means (n = 4) and standard errors (SE) are shown. 
Means followed by same letter are not significantly different by depth, within treatments, but are significantly 








Calculations of cation mass balance – Chapter 5 
Concentrations of Ca, Mg, K and Na, both initially, and at each depth after leaching are 
shown in Table 5.8.  The concentrations of each cation remaining in the profile were 
calculated, and from this the loss from the growth media profile was estimated, based 
against initial concentrations.  Concentrations lost in leachate were calculated and used 
to compare against estimated cation loss from the profiles.   Concentrations of initial 
total soluble cations for each column were calculated from saturation paste as follows: 
     Initial mg cation L
-1 * extraction ratio (0.23) = mg kg
-1 * 12.2 kg column
-1 = mg 
  column
-1 
Final concentrations of soluble cations were determined for each depth increment as 
follows: 
   12.2 kg growth medium 40 cm
-1 * cm depth (either 5 or 15 cm increments) = kg 
growth medium depth increment
-1,  
then; 
   mg cation L
-1 * extraction ration (0.23) = mg kg
-1 * (1.525 or 4.575) kg = mg depth 
  increment
-1 
The sum of the depth increments resulted in concentration (mg) remaining in profile.  
Retention percentage was determined as: (remaining / initial) * 100.  Total loss from 
growth medium was estimated as the initial - remaining.  Loss in leachate was the sum 
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